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PREFACE TO THE THIRD EDITION. 


Ik the preparation of the new .edition of this book considerable 
alterations have been made to the original text. In the first 
placcj as the title indicateSj the subject-matter has been Iim.ited 
to a diseiissioii of trace elements in plants, the effects of trace- 
element deficiency or excess in animals being considered only 
where such effects arise directly from shortage or excess of these 
elements in the plants eaten by grazing animals. To have in- 
cluded a full discussion of trace elements in animals would have 
meant iiiidul}^ increasing the size of this book; moreover the 
subject ivouM be dealt with much more satisfactorily by a 
zoologist than a botanist. 

A very great deal of fresh information about trace elements 
ill plants has accumulated during the last sixteen years, to deal 
adequately with which has involved many additions to, and much 
.rearraiigenient of, the text. In this new edition some considera- 
tion has been .given to the results of excess absorption as well as 
to those of de.ficieiicy; the consequences of excess of a trace 
element may be as serious as those of its shortage. Some reference 
has also been made to soil conditions as they relate to availability 
of the trace elements. 

The increase in size necessitated by additions to our knowledge 
has been lessened to some extent by the deletion of matter 
relating to trace elements in animals and by the removal of the 
lists of species for which various trace elements have been proved 
essential. Since there is now every reason to believe that the five 
universally recognized trace elements are essential for all higher 
plants, there is little point in listing those, now very numerous, 
ill which essentiality of one or other of the trace elements has 
actually , bee,ii. demonstrated. 

It is a pleasure to me to acknowledge with gr.atitu.de the very 
great help I have received from Dr E. J.- Hewitt in providing 
a number of excellent photographs obtained at Long Ashton 
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Research Station where the investigatif.)!! of tnu-i- element 
problems has been in progress for many year.-,. It is In be 
noted that the copyright of these itliotograjih.s ti'latef- :i. 4, 
10-14 inclusive, 16a and b) remains the pnipeny of Long 
Ashton Research Station. My thanks are iilso due In itn 
M. Greenwood and R. J, Hayfron and the (Jxfonl I'nivcr.Mty 
Press for permission to use the jdiotsjgrapli ■'iao'iiiig zir-u 
deficiency in cacao {Plate .5b). W.s. 

Heading 
26 February 1966 



PREFACE TO THE FIRST EDITION 


Teac E elements, Hiicro-niitrients and minor elements are terms 
applieci to a iininber of clieniieal elements which are essential for 
the lives of plants and animals, but which are required in ex- 
tremely small quantity. The development of our knowledge of 
the part played by the trace elements in the life of plants and 
animals is very recent, nearly all our present information on the 
subject having been acquired during little more than the last 
twenty years, 'Nevertheless, in the course of that time a great 
many observations have been made in the field, and much 
experimental work carried out in both field and laboratory, 
while many hundreds of publications, some of slight value, 
others of considerable scientific and economic importance, 
dealing with trace elements in living plants and animals have 
appeared in the scientific press. The time thus seems ripe for the 
presentation of a digest of this information, so that the salient 
facts may be available in a convenient form, and the present 
position of our knowledge of trace elements in living organisms 
made plain. It is with this intention that the present book has 
been written. 

The role of the trace elements in organisms is, in the first place, 
a matter for the plant or animal physiologist, but as deficiency or 
excess in the supply of the various trace elements may lead to a 
diseased condition of the plant or animal with serious economic 
consequences, the trace elements are also of interest to the plant 
pathologist, the veterinary surgeon, the agriculturist and horti- 
culturist. Indeed, as regards plants at any rate, much more is 
definitely known of the plant pathological aspect of the trace 
elements than of their physiological functions. 

I would take this opportunity of expressing my thanks to 
Mr W. Moiiey Davis of Harper Adams Agricultural College, 
who first introduced, to me the effects of trace-element defi- 
ciencies in the field, and who has generously and constantly put 
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at my disposal both his knowledge of the i>at!io!oijica! effec^th of 
trace-element deficiency, and the pathological nuttcrial itself. 
I also have pleasure in thanking Br ('. S. Piper of the Waite 
Agricultural Research Institute, University of Adelaide, for 
permission to use the photographs r(’]tro«liieed in 1 ’lalr.s i’ ami !♦, 
and my colleagues Dr K. W. Dent and .Mr A. M. Mnl'erts for the* 
preparation of the rest of the photogra{»hs in the hook. 

W.ALTF.U ^TILKS 

Bibmingham 
28 October 1944 


Ok the oeoasion of the reprinting of this hook I have t^aken the 
opportunity to make a few minor corrections and aclditions to 
the text and to add a p.hotograpii showing the effect of inolyli- 
denum deficiency in cauliflower. For periiiissioii to use this 
photograph my thanks are due to }i!c*ssr8 E. J. Ilevitt and 
E. W. Jones of the Long Ashton Research Station aiui to the 
Editors of the Journal of Pomolotjy and Hotiknltnrul Scii nrr. 
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PLATES 


1 (a) Oat seedling affected with grey speck 

between 2Mges 112 and 113 
fB) Oat leaf exhibiting the characteristic symptoms of grey 
speck 

(c) Sugar beet suffering from manganese deficiency 

2 Peas suffering fi'om marsh spot 

(By courtesy of Dr C. S. Piper) 

3 Zinc deficiency in oat. Note the white necrotic lesions 
appearing first in the lower leaves 

(By miiviQBy of Dr E. J. Hewitt) 

4 Zinc deficiency in. broad bean. Note the progressive 
tleerease in size attribiitable to exhaustion of the zinc 
reser\'e in the seed as the plant develops. The leaflets 
!:)eeo.nie narrower .and the internodes become shorter 
(By eouriesy of Dr .E. J. Hewitt) 

5 (a) Sugar beet suffering from boron deficiency 

(b) Lciif of caeao suffering from zinc deficiency 

(By foiiiieHy of Mensm M. Greenwood and R. J. Hayfron. and the 
Oxford I4siversily 

t> (a) 'rrai).s\'ei-He section through swedes showing characteristic 
appearance of brown heart 

(b) Longitudinal section tlirough swede affected with brown 
heart 

7 (a) Late stage in boron-deficient swede 
(b) Boron-deficient cauliflower 

8 Stem of cauliflower suffering from boron deficiency and 
showing %'ery typical breakdown of central tissue 

9 JCn’ect of concentration of copper on the growth of oats 

(fly t'oiiripsy cjf l)r .C. S* Pipor) 


xiT PtATES 

10 Cbpper deficiency (wither tip) ia oat 

{By courtesy of D? E, J. Hewitt) 

11 Copper defieiency in broad bean. Tlie plan! on k*ft 

exMMting reduction in size of the a|iiea! rollr^d 

and iiecTotic at the tips, and with lloweriiiL^ sii}iprf\«si.‘iL 
was grown from seed deficient in copper; tho plant un 
the right was gixmii from normal seed 

(By courtesy of Dr E. J. Hewitt) 

12 Copper deficiency in tomato. Ijc^aves from copper-dcdicieiit 
plants are shown above, a normal leaf l>elow 

(By courtesy of Dr E. J, Hewitt) 

13 Tomato plants suffering from severe niolybdeiium 
defieieiicy 

(By courtesy of Dr E. J. Hewitt) 

14 Molybdenum deficiency in lucerne. Tlie |>Iant.s received a 
supply of nitrogen as nitrate 

(By courtesy of Dr E. J, Hewitt) 

15 Cauliflower plant grown in absence of niolybdeiiiiin 

(By courtesy of ^Messrs E. J, Hewitt and E. W. , Jones) 

16 (a) C^aiiliflower plant suffering from manganevse tiixicity 

(By courtesy of Dr E. J. Hewitt) 

(b) Sugar beet showing symptoms of iron dclicieiictj’ induced 
by excess of copper 

(By courtesy of Dr E. J. Hewitt) 


LIST OF ABBREVIATIONS 


Tiirougliout the book the following contractions have been used 
mi (millilitre) == one-thonsandth of a litre 
fig (microgram) = one-millionth of a gram 
A (Angstrom unit) = one ten-millionth of a millimetre 
p.p.m. = parts per million 




CHAPTER I 


HISTORICAL INTRODUCTION 

I H tlie year 1 699 Woodward piiblished the results of experiments 
in which cuttings of plants were grown not in soil but in rain^_ _^ 
water. More than a centniy and a half later Julius Sachs (i860) ^ 
and W. Knop (1860) independently developed this method of 
water culture by growing plants of several different species in a 
dilute aqueous solution of various salts. In this way the materials 
available for absorption by the roots of the growing plants were 
controlled, and Sachs and Knop concluded from their experi- 
ments that so long as the culture solution contained salts in- 
volving the elements nitrogen, sulphur, phosphorus, potassium, 
calcium, magnesium and iron, a perfectly healthy plant would 
result. The elements occur in soil as constituents of compounds 
present in, or derived from, the minerals of the underlying rock, 
and are therefore generally known as mineral nutrients. Experi--/* 
meiits of this kind have been repeatedly carried out by subse- 
quent investigators and many formulae for water-culture 
solutions have been used and recommended. The water-culture 
method has also been extensively used for research in plant 
mitrition. Some of the best known and most widely used water- 
culture solutions are those of Sachs and Knop themselves and 
the later ones of Pfeffer and Von der Crone. Plants of a great 
number of species have been successfully grown in water culture, 
and the method has been advocated, perhaps too optimistically 
(cf. Hoagland and Arnon, 1 938), as a means of cultivating certain 
crop plants on a commercial or semi-commercial scale. The 
compositions of some of the best known and most widely used 
water cultui’es are given in Tables 1 - 3 . 

Table 1. Sadisms nutrient solution 


Potassium nitrate 1*0 g 

Sodium chloride 0*5 g 

Calcium sulphate 0*5 g 

Magnesium sulphate 0*5 g 

Calcium phosphate ^ g 

'Water 1 1. 


A few drops of a solution of ferric cWoride or ferrous siilphate. 
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Table 2. « nirovij> r nulrii n! v*(/ kHo// 


Caleiuiri nitrate 

PotriKsiimi 1 1 it rat e t * M 

J^lagnesinin sulpbati^ ^ 

PotiisHiuiJi tlilivslrogrii | 3 !:ios|;. 4 iate y. 

Potassium chloride g 

'W’ater i* 

Ferric? chloride medicinal solution II tn it 


Pfaffor's mT^aker sohition m similar, except thrii the aairie 4|UHii!it>’ of 
salts is dissoivod m 7 1, of water. 

Table 3. Von der Crone^s miiripni ^(ilniion 


Potassium .nitrate 

peg 

Calcium sulplmtc? 

11-, 7 ^ 

MagneBitiin milphaie 

Osj ^ 

C^leiiun phoaphaie 

■ o*2r! y 

Ferrous I'lhosphatu 


Water 

1 L 


It will be noticed that, in acklitioii to the eleiiieiitsj L^iven above, 
Pfeffer^s isolution also eontahis chlorine, while Haehs's Holutioii 
contains not only chlorine, but sodiiiin. W'hile t he general opinion 
of plant physiologists for many years 'iwis tliat most plaids 
required neither of these eleinents, it ^vas ratlit*r ^aigiiely held 
that some plants required sodium or chlorine in addit it ai t o t hose 
regarded as alwaiys necessary. Thus rfeffer ( 1 dl’H'l) reiiiurkcHl t hat' 
probably no plant had been grown in eoinpkte absence esf 
chlorine, and he considered it uncertain whether ii miniinuin 
amount was essential or not. With regard to sodium , not orily did 
Osterhoiit (1912) consider this element to be eBseniia! for marine 
algae, but from experiments on the growth in length of tJie roots 
of seedlings of wheat and other plants (l!H'i8} he deeidecl that 
sodium had some definite function in the growtJi of these jilaiits. 
Several workers have recorded increased growth of plants as a 
result of the addition of sodium to the medium. 

So opinion on the mineral nutrition of plants remained during 
the latter half of the nineteenth century. It was well established 
that many elements, apart from those regarded as necessary, were 
present in plants, but their presence -was regarded as incidental, 
due to their presence in the soil in w^ich the plants grew. But in 
1'897 G, Bertrand . claimed that manganese was constantly 
associated in the plant with an oxidizing enzyme, laccase, and he 
came to regard manganese as an essential constituent of the 
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oxidase system. In 1905 lie claimed that an insufficient supply of 
manganese to plants brought' about diminution or cessation of 
growth, and that manganese was to be regarded as an essential 
element. Much subsequent experimental work and many field 
observations have gone to confirm Bertrand’s view. 

' Jn 1 9 1 4, by the use of water-culture experiments with carefully . , 
prepared culture vessels and nutrient salts, Maze showed that not 
only manganese but zinc also was necessary for the growth of 
maize. " ' As a result of later "work on similar lines he claimed that 
aluminium, boron, clilorine and silicon w^ere all essential in small 
amounts for the healthy growth of plants. Of these various' 
elements, boron had already been found by Agiilhon (1910) to 
induce an increased production of dry matter in wheat, oats and 
radish grown in sand cultures and in maize, colza and turnip 
grown ill field-plot experiments. It is, however, scarcely correct, 
as has sometimes been done, to quote Agulhon as the first ivorker 
to point out the essenMal nature of boron for higher plants. As 
Dennis and O’Brien (1987) have pointed out, AgiiUion provided 
no proof that normal growth was not possible without boron, and 
the credit for first calling attention to the necessity of this 
element for any plant is due to Maze. The importance of boron as 
an essential plant nutrient was brought into prominence in 1928 
by Miss Warington, who showed by means of water cultures that 
while a concentration of boric acid as low as 1 in 12*5 x 10® was 
siiflicient to allow the normal growth of the broad bean ( Vida 
faba), in complete absence of boron death of the plant supervened 
after the development of quite characteristic pathological 
symptoms. A few years later Sommer and Lipman (1926) added 
cotton, castor oil, buckwheat, flax, mustard and barley to the 
list of plants for the growth of which a supply of boron is essential. 
Since then the list of such species has been very greatly extended. 

Confirmation of Maze’s finding that zinc is necessary for the 
healthy development of maize was provided by the observations 
of Barnette and Warner (1935), Mowry and Camp (1934) and 
others, who showed that the curious clilorotic condition of this 
plant known as ' white-bud ’ could be cured by application of zinc 
sulphate. Sommer and Lipman (1926) also found zinc essential ' 
for the growth of sunflower and barley, and later Sommer (1928) 
reported that buckwheat and beans could only undergo normal 
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development in presence of zinc. In lwans,furc.\‘Jiniple.ubKL'is.sion 
of leave.s and fiower buds occuired in cultures deprived of /Jne, 
whereas in controls adequately .sufiplied \uth lids cloinent 
flowering took place and seeds ■H'ere]»roduml. niindHirftf trees 
have been shown to require a supply of this cleinenl . 

As regards the remaining elements that i^bize ennclmk'd were 
necessary for the growth of maize, referein-e has already been 
made to the doubt which has existed for imuty yciirs aboiil the 
necessity of chlorine for plant development . .\s h mg ago as 1 
Nobbe and Siegert concluded that chlorine vas essenliai fur the 
normal development of buckwheat, but many subsetpient experi- 
ments carried out to check this conclusion yielded coidlicting 
results. But in 1938 the much-debated tpiesliun i»f the etTeet of 
chlorine on the growth of buckwheat was exarninetl by Lipinan. 
and it xvas found that plants grown with r> ]).j>.ni. of chlorine 
added as potassium chloride produced markedly mure dry matter 
and seeds than plants grovra without added chlorine. Moreover, 
the seeds from plants grown with added ehloritie gave a higher 
percentage of germination than the seed.s from piant.s without 
added chlorine, and of the seedlings ])rodueeii from the latter 
little more than half develcjpcd to any extent . A sec.ond series of 
cultures was made from the seed obtained in the liiM series, ihi.' 
seedlings from seeds obtained from the eidt tires with added 
chlorine being again supplied with this element, find those from 
seeds grown in cultures without addl'd chlorine being again 
deprived of it. The superiority of the jilant s siq »])Iied wit h ciilorine 
was emphasized, and Lipraan concluded t hat if ehiortne wtis not 
absolutely essential to buckwheat it certainly greatly influenced 
its growth and seed production. A like conclusion was drawn from 
water-culture experiments with peas. 

As regards ^^minium, Stoklasa in 1922 grexv a number of 
hydrophytes in w'ater cultures and silica gel cultures with and 
without aluminium, and foimd growth was considerably im- 
proved in presence of aluminium. Indeed, silica gel cultures of 
Olyceria aquatica without aluminium died in 22 day.s and alu- 
minium-free water cultures of Juncm effiims died in from .Mi to 
69 days. Addition of aluminium also imi>roved the growth of 
wheat, barley and oats, but no beneficial eftect of lliis element 
was observed with plants of a number of ot her species, including 
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Polygonatum officinale .d^ndi Iris bohemica. More critical ■water- 
culture experiments to test tlie essentiality of aluminium were 
carried out by Sommer (1926) with, peas and millet, Specialy 
purified nutrient salts were used in making up the culture 
solutions, and in those containing aluminium this element was 
present to the extent of 5-5 or 1 p.p.m. of the solution. The 
presence of 1 p.p.m. brought about a slight increase in the dry 
weight of peas, but with millet the presence of aluminium brought ^ 
about a definite increase in dry weight and a very pronounced 
increase in the weight of seeds produced, the respective weight of 
seeds produced with and •without aluminium being 4*98 and 
0-23 g. 

Ill 1938 Lipman obtained similar results with sunflowers and 
maize, the effect being particularly noticeable with the latter, 
where the addition of aluminium sulphate to the extent of 
1 p.p.m, of aluminium (renewed from time to time) resulted in 
an increase in dry weight of the vegetative parts of about 20 per 
cent and an increase in the dry weight of the ears of about 
155 per cent. 

Sommer and Lipman also investigated the essentiality of 
dlicpii. Sommer in 1926 found that the presence of silicon, added 
as silica gel, increased the dry weight of rice plants from 4-4 to 
7 g, and she concluded that this increase was big enough to indi- 
cate that silicon is essential for the growth of rice. Marked 
increases in seed production as a result of the presence of silicon 
in the culture solution were observed with millet. Lipman in 1938 
found that sunflowers and barley grown in water culture pro- 
duced more dry matter in a given time with colloidal silica added 
to the solution than without such addition. With barley the 
addition of silica also resulted in a greater yield of grain. 

Since Lipman could not be sure that in his control cultures 
without added silicon, aluminium or chlorine respectively, there 
was not a small quantity of the particular element present, he 
did not go further than emphasize the importance of silicon, 
aluminium and chlorine for the plants used and probably for 
higher plants in general. However, he regarded the probability 
of the indispensability of these elements as very great indeed. As 
regards chlorine at any rate more recent work has lent support to 
this conclusion, and has indicated that chlorine may be a more 
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generally essential element for higher jilanls i loin h a * |iri‘\ ii ai.sly 
thought. 

Convincing evidence that eojsjM'r %vini esHUii in! fur * bi' fsurinal 
growth of a number of iiliiiits as firs id ill P.UU in >^uiiimrr 

aiidbyLiimiaiiaiKi Mackinney. SoinirierfoiiiirJ t tiai t 
of small CjiMiititks of eojiper induced a roiisiderabir iiieri'ijn* in 
growth of siinilowers. flax ami tuiiialoc?. n bile in i hi' ''^afue ^ iw 
Lipman and 3!ackiriney fouml that llax and hurley grown in 
Winter culture failed to pniduce seed in (Hiitipleii* alisence of 
copper. Evidence was also presented hy AndersMUi in 

South Africa and hy Oserkowsky and Tlionias 1 1 iiXl} in Aiiifuica 
indicating that chlorosis and dying back of the hraiieiie.^ of 
various fruit trees result from a ciefiekmey of eiipjit/r. .Fiirtlier, 
a pathological condition of cereals and .some of iicu’ plants kiicjwii 
as ‘reclamation disease^ occurring in I'liants grmving on re- 
claimed heath land in Holland and elsewlien*, was attributi*d by 
Sjolleina in 1933 to copper detieieiiey. lo cereals exliibiting tliiB 
condition the tips of the leaves turn yellow or white* wliile seed 
fails to form. Plants of so many species have imw beam showii 
to require a small supply of eopiier that ii is rciiHoi m ! lie t c i su i rj mm* 
that this element, like manganeHc, zinc and iairoii. is gerimiJly 
necessary for the growth of higher ]ilants. 

In 1939 Arnon and Stout obtained evidence that molvhdi'iviirn 



might be an essential element for higher pianiK, ’i'hey finiiid tiint 
tomato plants exhibited pathological HvnipltniiK wlicii grmvn in a 
culture solution containing all the oniinary nutrient t'lenienlH 
along with manganese, boron, zinc and cojjper but wliich was 
freed from all trace of molybdenum. The lower leaves oft he plant s 
first developed a mottling; then dying of the marginal cells 
followed while the flowers fell without setting fruit . 'I’he condition 
was prevented by the addition of one part of molybdenum as 
molybdic acid in 100000000 to the culture solution, while tlie 
pathological symptoms were removed in the molybdenum- 
deficient plants by spraying the leaves with a very dilute solution 
of molybdic acid. Subsequently, plants of a numVtcT- of othej- 
species have been shown to require a supply of molybdenum, and 
although the possibility of exceptions is not to bo rul(>d out , there 
is every reason to regard molybdenum as an essent iai eh-ment for 
the growth of many Mgher plants. Alolylxloruuu was rcporled 
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to be' necessary for the optimum growth of peas by Bobko and 
Savviiia in 1940, 

111 1941 Steinberg concluded that not only molybdenum, but 
also gallium is an essential element for the growth of Lemna. 
Since gallium has properties resembling those of aluminium and 
may occur as an impurity in preparations of aluminium salts, 
Steinberg suggested that the effect on plants attributed to 
aluminium might in fact be due to gallium j)resent as an impurity 
in the aluminium compounds used in the preparation of the 
nutrient medium. 

So far only higher plants have been considered, but it is quite 
clear that the same trace elements may be equally essential for 
the grmvth of lower plants, at any rate of fungi. Indeed, the 
necessity of an element for the growth of a fungus has in more 
than one instance been demonstrated before its essentiality for 
a higher plant has been claimed. 

The favourite species among the fungi for studies on mineral 
nutrition has been Aspergilhis niger. In addition to the generally 
acknowledged mineral nutritive elements, with the exception of 
calcium,’^ but definitely including iron,t it has been claimed that 
this fungus definitely requires zinc, manganese, copper, molyb- 
denum, gallium and vanadium. Indeed, as long ago as 1869, 
Rauliii show^ed that for A. niger zinc is necessary, although the 
significance of this finding was rather obscured subsequently by 
the attempt to explain the increased growth resulting from the 
presence of a small quantity of zinc as a stimulation effect on 
normal development due to the action of a poison in low concen- 
tration. While the possibility of such a stimulation effect in 
general is not to be ruled out without proof, such proof is forth- 
coming when it has been shown that with rigid exclusion of any 

* There exists considerable doubt about the necessity or otherwise of 
calcium for the gi'owth of fungi. The general opinion at present appears 
to be that this element is necessary for the growth of some species but 
not of others (cf. Steinberg, 1948). Much experimental work is necessary 
to place our knowledge of this question on a reliable basis. According 
to Davis, Marloth and Bishop (1928) calcium is necessary for the develop- 
ment of A, niger. Mann (1932), on the other hand, came to the opposite 
conclusion. 

t Iron is placed in the category of micro -nutrients by some workers 
on fungus nutrition, e.g. Steinberg (1939) and Foster (1939). 
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substance normal developmpnl isitre\t*iilefi. Fcr jiroof 

was definitely provided by Steinberg (I'.d!)). w li >. by liicans of 
a special technique, succeeded in removing all lml tli* minutest 
traces of zinc from the culture medium, and i lu ii sboued that 
the cultures of .4. niger provided with zinc [imdiu'er! mure lliaii 
2000 times as much diy matter as the eont nfis d'u iri \ ed i il' all! ml 
the last traces of that clement. Steinberg’s result vra:- latereun- 
firmed by Bortels (1927), Roberg (192><. I'.CU) and tOtllmiek 
(1936). 

The need for manganese for the normal rlevelopineni of .4 . ing^r 
wasclaimedby Bertrand and Javiilicr (191 1 o). and ibis was eon- 
firmed by Steinberg (1635a). That eo]i|ter i.s e.sseniial for tlie 
grovdh of this fungus was shown by Borteis (1927) and by 
and Emmerie { 1930). The rigid proof of 1 he need of nit ilylHlcnuin 
for the growth of ..4. was given l»y Steinberg in 1937. while 

inthefollowingyear the same worker added galiium tothe list of 
elements essential for this fungus. D. Bertrainl ( 1941 ) eomsidered 
vanadium played an eissential part in the growth of . 1 . tiigi r. This 
conclusion was based on the finding tlmt adilitioii of a small 
quantity of vanadium to the eulture medium resuited in an 
increase in growth of 20-9 per cent over t hat < if t lie emit ml grown 
on the same medium without added vanadium . Ana ly.-^is tif t lie 
controls showed that they contaiiu'd a eertain amount of vana- 
dium in spite of the freedom of the eulture medium from this 
element and it would seem pos.sil)le that t his vanadium had lieen 
obtained from the culture vessels. 

While the mineral nutrition of no otluT funguK has received ao 
much attention as that of j4. niger, sullieicnt informati< in has now 
accumulated to Justify the conclasion that for the fungi in general 
a supply of trace elements is necessary. Thus ilcH argue and 
Calfee (1931) concluded that zinc, manganese and copper are 
necessary for the growth of A. flams and Bhizapus 7 ugricans, 
and the same three elements were considered necessary for ( 'cra- 
tostomdla uhni by Ledeboer (1934), for Trkhoplujion inkr- 
digitalehjMoBhes, Saunders, Kingery and Williams (1936), and 
for Phymatotrichum omnivorum by Rogers (1938). Fowler and 
Waksman (1939) reported that Bhiznpus nigriatiis failed to 
produce zygospores in absence of zinc, while the i'avourable 
effect on development produced by zinc and copper on a munber 
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of fungi belonging to different families was reported by, Metz 
(1930) and for a number of species of Aspergillus by Roberg 
(1928, 1931). In 1933 Lockwood had reported .that the growth 
of PeniciUmm javamcwm was increased by additions to the 
medium of moly'bdeiimn as well as columbinm and tiing.sten. 

Thus, as far as our information goes at present, both higher 
plants and fungi, or .some of them, require a supply of manganese, 
zinc, copper and molybdenum. Many liigher plants have been 
shown to need boron, but little attention has been given to this 
element by workers on fungus nutrition. In 1928 Davis, Marloth 
and Bishop reported that the yield of a species of Doihiorella 
grown on an artificial medium was reduced to half by the 
removal of traces of boron from the nutrient salts used but 
Blank (1941) could find no indication that boron was essential 
for the growth of the cotton root rot fungus Phymatotrichmn 
omnivorimi. 

Not a great deal of information is available about the trace- 
element requirements of plants other than angiosperms and fungi . 
Among conifers Kessell and Stoate (1938) found zinc essential for 
Pinus radiaM and among the Pteridophyta Hunter (1953) re- 
corded the development of chlorosis in bracken {Pteridium 
atjuilimmi) as a result of manganese deficiency. As regards algae 
manganese has been shown to be essential for the unicellular 
green alga Chlorella by Hopkins ( 1 930a, 6 , 1 934) and for the diatom 
DityJiim brighfwelK by Harvey (1939). Roberg (1932) reported 
increased growth of two unicellular green algae Coccomyxu 
simplex and Chlorella vulgaris as a result of small additions of salts 
or iron, zinc and copper to the normal nutrient solution. From 
his work, however, it was not made clear that zinc and copper 
were actually essential for the growth of these plants, and 
Roberg Mmself said that these elements were to be considered as 
acting as stimulants. However, it seems clear that the same trace 
elements normally required by higher plants are also essential for 
algae. Thus the need for copper and molybdenum by Chlorella 
pynmoidosa was established by Walker (1953) who also (1954) 
confirmed its need of manganese and zinc, while as early as 1935 
Geigel had reported that the presence of boron in a concentration 
of 10' p.p.iii. brought about a marked stimulation of the growth 
of Chlorella. 
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As regards the essentiality of molybdeiiiiiii Ariioiij leliioka, 
Wessel, Inijiwara and Wolley (1055) foiiiid iliat whm Stu 
desm,us ohliqmis wm grown in a niitrient meiliiiiii in wliieli the 
nitrogen was provided. esehisively as nitrate a small iiiuoiiiit of 
molybtleiiiiBi was essential for' growth and ee!! ilivisioii. Ollier 
observed results of molybdemim. defieieney wen* m iiiarked 
reduction in cliloropliyll content^ an aecuniiilatiun tjf in 

the cells and, indeed, a general appearance similar to that 
resulting from nitrogen starvation. It was, Iiowe\’t‘r, by 

Ichioka and Anion { 1 955) that the necessity for ini ^!y 1 idea i ini i was 
removed if nitrogen was supplied as either arairioniiiiii earlioiiate 
or urea. 

Anion and Wessel {1.953) concluded that vanadinin was an 
essential element for the growth of Scenedesinu^s iMiquHS as this 
alga shoi¥6d a marked increase in growth as a result of adding 
vanadium in a concentration of 0*01 p.p.m. to the culture solution. 

Silicon was shown by Leirin (1954, 1955) to In? an essential 
constituent of the diatom Navicula pfllindma aiul it may reason- 
ably be concluded that this is so for the wdioli* groiiju 

Some interesting information has been obiaim^d rc‘garcliiig 
trace-element re(}uirements of the blue-green algae. Boil els, wlio 
in 1930 had shown that molybde.mnn wuh iieccHHar}’^ for tlie 
fixation of .nitrogen by the nitrogen-fixing bacterium AzidolmeJer 
chroococcMni^ showed later (1.940) that inoIybchuHim pbiycnl a 
similar part in various nitrogen-fixing blue-green algae. 
ever, in these as well m in AzoMmekTy lie foiiml that the moiyl)- 
denum could be partially replaced by vanadium. 

■ Although cobalt is known 'to be an essential eiement in the 
n.utrition of animals, no evidence has so .far been obtained to 
suggest that it is necessary for the growth of higher plants. 
Holm-Hansen, Gerloff and Skoog (1954) have, however, claimed 
that cobalt is essential for four species of blue-green algae they 
examined. These were two nitrogen-fixing species, Xosfoc 
muscorum^ and Cahthriz parietinu^ and two iion-nitrogeii-fixing 
species, GocmcMons pmiocysiis and Dipheysfis urnujlnosa. 
Deficiency of. cobalt' was found to result in reduced growth and 
the development of a chlorotic condition, symptoms which dis- 
' appeared on addition of cobalt. Maximum rate of growth of the 
algae.,was obtained with cobalt in the very lo'w concentration of 
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040 //g per litre or 1 in 2500 niillion, while a definitely beneficial 
effect was noted with a concentration. l/200th of this. 

The observations of Kratz and Myers (1955) indicated that 
sodium also might be essential for the growth of blue-gree.ii algae; 
With three species, Nosfoc muscomm, Anahama variabilis and 
Aiiacystis 'nMuIcns, they found that both sodium and. potassium, 
were necessary if maximum growth of these plants was to be, 
maintained. Deiiciency of so.dium resulted in a lessening of the 
rate of growth below the maximum which was re-established on 
supplying sodiu.iii. 

From, what has so far been discovered regarding the essentiality 
of trace eieiiieiits, two questions arise which only further research 
can aiisw^er. The first is how .far the necessity for these elements is 
general tliroiighoiit the plant kingdom., and the second is whether 
we now know the complete list of these elements. As regards the 
first question, it would seem probable rather than merely possible 
that wlien plants differing as widety, both taxonomically and 
aiiatoiiiically, as well as pliysiologically, as angiosiierms and 
fungi both exhibit these requirements, we are dealing with 
something very fiindamental in plant nutrition, and we are 
justified in concluding that the best established of the trace 
elements, iiianganese, boron, zinc, copjier and molybdenum, are 
likely to be found essential for the nutrition of plants in general. 
In regard to the .second question, Steinberg {1938c) has contri- 
buted an interesting discussion on the relations between essenti- 
ality of elements and tlieir atomic structure, and he draws the 
conclusion from such considerations that scandium may be an 
essential element for plant nutrition. In this connexion some 
experiments carried out by Arnon are of interest. In 1937 this 
worker described the results of water-culture experiments in 
which the growth of barley plants was improved by the addition 
of small quantities of molybdenum, chromium and nickel. In the 
following year further experiments were described in which plants 
of asparagus and lettuce were grcwn in four different culture 
solutions. The fi.rst of these contained the ordinary nutrient, 
elements.. The 'second contained these together with the four well-, 
established mi.ero-nutrie.nts, manganese, boron, z.inc and copper 
.(designated A 4), 11 , nd some chlorine. -The third contained all the 
elements pre,seiit. 'ill. the second solution together with another 
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seven (designated B7); these were molybdt-innii, titaniinn. vana- 
dinm, chromium, tungsten, cobalt and nickel. The IWurtli Milution 
contained ail the elements present in the third solution tofiether 
with thirteen other elements, namely, aiumininm. arsenic, ead- 
mium, strontium, mercury, lead, lithium, rubidiutii, bromine, 
iodine, iluorine, selenium and beryllium. This ua.'; de.'iir- 

nated C13. The fourth solution also contained .-odinn!. All the 
elements of the A4, B7 and C I H groups vveie pre.setit in very low- 
concentration, that is, as traces, 'fhe four sohtlioiis. which may 
be denoted by 1,11,111 and IV, tlnis containeil re.<peeii\ ely the 
following mineral elements : 

I: N, S, P, K, Ca, Mg, Fe. 

II: ekments of I + B,' Ztu Mil, Cut 

III: elements of II -f Mo, Ti, V, Cr, W. Co, Xi. 

IV: elements of III “I- Al, As, Cd, Sr. Li. fUi, Br. L F, Se, Be, 

+ Na. 

The fresh weights in grams of the plants gri:n\ii in these clif» 
fereiit solutions are shown in Table 4 . Thus the gn^at i.dTeet of the 
four well-establislied micromutrients is nc‘i! deiiJiniHt rated, but 
the seven additional elements of solution 1 1 i {irociueed a further 
increase in growtlrof asparagus, while* for lei I i fieir (‘fleet was 
most striking, the yield being increased iilHiiit tiui liines as a 
result of their addition. The subse<pient deiiionsi rat U ni by Anion, 
and Stout that nioly'bdenuin is necessary f« ir t ! le 1 1 an at t ) has 1 )een 
mentioned earlier, and this leaves in doubt w he! her ilit^ etleet-i vc« 
ness of the seven elements of solution 1 1 1 not iiieliidc*cl in boIii- 
tion II is due solely to the molybdenum or whc'tlu?r H«.)rne or all of 
the others are also in part responsible for this. That no further 
increase in yield results from the addition of the extra thirteen 
elements of solution IV at first sight suggests that none of these 
is essential for the growth of asparagus and lettuce, Init it may be 
that one or more of these is actually necessary but exists in 
sufficient quantity, as impurity of one of tlie salts used in making 
up solution IIL 

Using ArnoiFs technique, Twymaii (11143) obtained a similar 
result with oats. Four weeks after germination of the grains tlu^ 
average dry weights, of plants supplied with the A 4, B7 and 
A4 -f B 7 group.s of trace elements were rcspc*ciiv(dy IM 0 L 0 1 30 
and 0*238 g. This again showed the necessity of one or more of the 
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elements of Anion's group B 7. With the establishment o,f molyb- 
denum as ill all probability a generally essential ele,meiit iii plant 
nutrition, in later work with groups of trace elements molyb- 
denum was transferred to the A group, which thus beca.me A 5 
while the B group became 'B6. 

T A B L 'E 4. Growth of plants of asparagus and lettuce in 
four dijferent eAilture soluimis, (Data from Arno.ii) 

Fresh weight (g) 

Asparagus Lettuce 

Culture ( ^ V 


solution 

Shoots 

Roots 

Shoots 

Roots 

I 


12-8 

7i*4 

14-5 

II 

88-2 

38-2 

105-7 

22-0 

III 

il8-l 

81-3 

1068-3 

188-6 

IV 

121-7 

74-5 

984-4 

196-2 


The question arises why for so many years the necessity for the 
trace elements in plant nutrition was not recognized. The answer 
given to this question by Maze was no doubt the correct one. 
Maze considered that the importance of the micro-nutrients had 
been overlooked because in w^ater-culture experiments a sufficient 
quantity of these was introduced into the cultures from (1) the 
seeds used, (2) impurities in the salts used in preparing the culture 
solutions, and (3) solution from the vessels containing the culture 
solutions. Indeed, knowledge of the existence of the various trace 
elements has only been obtained through the purification of the 
water and nutrient salts used, and the choice of suitable culture 
vessels. 

The securing of an adequate degree of purity of the materials 
used is of the utmost importance in experimental work designed 
to exam,ine the indispensability or otherwise of particular sub- 
stances. The methods that have been developed to this end, along 
with other experimental methods of value in work on micro- 
nutrients, form the subject of the next chapter. 

Although addition of a compound of a particular element to 
the nutrient medium in which plants are growing may bring about 
increase in rate of grow^th of the plants, it does not follow that the 
element is essential for the growth of plants. Indeed, increases in 
growtli rate as a result of the addition of compounds of a number 
of different elements have been recorded from time to time. 
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AiBOiig observations of thiB kind particular men! ii 1 1 ii I so rniifle 
of those of R. S. Young (1035), %rho examined the on the 
grott^tli of timothy {Phhum prafahi ^ ) of tliirty-live of Ihf* rann* 
elements when added in five dilTereiit coiiceiitrat iieis f litHii t rioli, 
100, 10 and 0-1 p.pmi.) to a sandy loam. Ikmetieial eireets were 
observed with molybdeiiimi, supplied in p.pjio, and with 
antimony, barium, bismuth, bromine, c‘eriiiiru inaiteancn'-e, 
strontium, tungsten, uranhim and yttriuiii, suppiied at tiii* rate' 
of SOOp.p.m. Ahmiimum, cadmiuiin inipper, fiiioriiHa laii- 
thamim, lead, mercury, tin and zinc gave aii iiM‘r«‘asf‘d giowtk 
when supplied at the rate of lilO p.p.iii.. while with III p.p.rn. 
arsenic, beryllium, chromium, iodine, lithium, stdeiiiiiiip tlior- 
ium, titanium, Yanadium and zirconium were benetieial. At a 
concentration of 0*1 p.p.in., boiTui, nickel anil tlmlliiirii lirouglit 
about an increase in growth. Of the thirty-live elmneiits. the 
effects of which were tested, only cobalt appeared to l^c slightly 
toxic at this lowest concentration employed, whili? silver at this 
concentration appeared to have no eftect. ,\t highcT eoiieein 
t, rations than those stated for the res|ieetivr* elements the action 
of these was depressing on growtli. 

Experiments with cultures of two greem algiun speckles of 
CMorella and Crudgina rest)eclively, led Vemiig to eoiieliidi* that 
on the whole any element 'will stimulate the growth of* algae at 
a definite concentration wdiieh depends on the chuneiit and tlie 
species. 

Wecertainly cannot conclude that an ekninmt mdiich si iiriiihitert 
growth is necessarily essential for growth, although if incu^cMsed 
growth is observed to result from the preseiici^ a partietihir 
element there is alw^ays the possibility that that elcmcmt !nay be 
an essential one. Whether it is so or not can only be proved by 
growing the plantiii carefully controlled cultures, in wdiicii every 
care is taken rigidly to exclude , from the culture medium the 
element under examination. 

The necessity ofasupply of manganese, zinc, boron and copper 
has now been demonstrated for so many dilfereiit specic^s that in 
absence of any evidence to the contrary it may witli reason be 
concluded that these elements are all essential for the growth of 
vascular plants and’ algae. The same would apjiear to be true of 
fungi with the qualification that the status of boron in this 
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respect is not so clear. As regards molybdenum there is every 
reason to believe that this is essential for plant growth when the 
source of nitrogen is nitrate or elemental nitrogen and it would 
seem likely that for many plants it is generally essential whatever 
the nitrogen source. Apart from these five well-established trace 
elements there is now evidence for the essentiality of cMorine, 
sodium, silicon, aluminium and gallium for certain species. 
Whether any of these are actually necessary for all plants only 
future work can decide. 

In addition to the elements mentioned above claims have been 
made that many others, in appropriate concentration,' stimulate ’ 
plant growth, and it is possible that for many elements there is a 
range of concentrations over which that element induces an 
increased rate of growth while in higher concentrations the effect 
is a retardation of growth, which is severer with increasing concen- 
tration. Such a reaction to the presence of the element does not 
prove that the element is essential for growth. Essentiality is 
proved only when, with rigid exclusion of the element from the 
nutrient medium, growth is either completely inhibited or re- 
duced so drastically that what does occur can be attributed to 
traces of the element wliich the most careful conti-ol has failed to 
exclude. 


CHAPTER II 


, METHODS O.F-IXVE8TJOATIX<J Mlc/KlE 
NUTRIENT PROBLEMS 

L THB Pinill^lCATIOX OF M ATKIU A LS rsFli 
I 'K C U h T V R E E X V K U I M K \ 1 S 

The existence of the micro-iiiitrieiits raises a of proh- 

leiiis which can only be solved after the cievelii|iiiH‘iit of iTiiAliods 
designed specially to deal with them. In the lirst place the 
question inevitably arises as to how ve can he cfcrtaiii that any 
particular element is really essential or not. This is olivicnisly a 
problem of mineral nutrition requiring iinmediate sohitinn ; it is 
clearly an essential preliminary for all iiivc‘siiiialions on the 
micro-nutrients that we should know viiat are. 

■/ It has already been pointed out that the essentiality of the 
micro-nutrients for plant development was ovcnioukeil for half 
a century simply because an adequate supply of 1 lunii w as ini ni- 
duced into the culture (1) from the seed tVoiii whic*h |,ila!i!/ 
developed, (2), from iinpuriti.es prcvsent in the watii' and salts 
used in preparing the culture solutions, and (:i| liy Holution from 
the vessels used to hold the culture soliitioiis. lienee tlie 
of determining the micro-nutrients clearly resid\'eH itself into 
devisingmeansforpreventingtheintroductionofinicfro-iiiitrieiitH 
■ from, these three source.s. If this can he dtaie t!H‘ elliad; of the 
absence or presence of any particular ilement' in tin* cult ore 
medium can then be determined for a wide range tif plant species. 
The prevention of the introduction of any particular elements 
from the seed used for. the cultures is perhaps scarce!}" possible. 
But when the seed is small the amount of any micro-nutrient 
present in it is likely to'be negligible, and when the seed is large 
the am.ou.nt introduced can often be consi(leral)ly reiliiccd by 
removal of the cotyledons from the seedling as soon as the latter 
is e.stablished. Reference has already been made to LipiiiaiEs 
method of meeting the difficulty in his experiments with buck- 
wheat, in which seed -was used from plaiiis grown in cnilturc^ 
solutions devoid of chlorine. It appears clear that by tliis pro- 
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cedure seed was obtained containing a negligibly small quantity 
of this element. 

Tlie ]>rob!em of ol)taining water and salts free from the trace 
elements for woiic on the nutrition of fungi has been dealt with 
by a number of workers, notably Steinberg ( 191 9, 1935i). It may 
be stated at once tliat pure salts sold as analytical reagents may 
contain a .snilicieiicy of trace elements present as impurities to 
allow the growth of plants, nor does recrystailization necessarily 
afford an adequate means for the removal of these contaminants. 

Steinberg\s original procedure for obtaining a nutrient solution 
free from so-called heavy metal contaminants consisted in heating 
the complete nutrient solution with pure calcium carbonate under 
pressure. The nutrient solution used was one due to Pfeffer and 
was made up as shown in Table 5. 

Table 5. Pfejfer’s nutrient solution 

StieroBe 50 g 

Aminoniiiiu nitrate 10 g 

raniHHiuni dihydrogeii phosphate 5 g 

’Magriesiurn sulphate 2*5 g 

.FoiToiiri sulphate Trace 

Since Steinlierg's treat.ment of the solution leads to the 
reiiio\ii] of iron it is obvious that the trace of ferrous sulphate 
ma,.y be omitted. 

To a lit.re of this solution .1 5 g of pure calcium carbonate were 
added anti the mixture heated in an autoclave for 20 min under 
a pressure m as to give a temperature of 120-5 ^0. The mixture 
was then allowed to Btancl overnight and the -clear solution then 
decanted Ironi the sedinieiit. Subsequently Steinberg recom- 
mended filtering the solution from the sediment immediately 
after autoclaving. 

The principle involved in this method of purification consists 
ill increasing the alkalinity of the solution so that the traces of 
heavy metals are precipitated as carbonates, hydroxides and 
phosphates wdiicli are adsorbed on calcium salts precipitated in 
some bulk. In this way traces of iron, manganese, zinc and 
copper are removed from the solution. 

Various modifications of this procedure have been proposed. 
Steinberg himself pointed out that the substitution of basic mag- 
nesium carbonate for calcium carbonate has certain advantages 
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wlierc work on fungi m eoncernod. itiitiou avoids llie 

introduction into the Boliitioii of calciiirin «it r'lii’iiafil wliiein as 
we have already seen, is of doubtful sigiiiticaiivc^ in fiorjal 
nutrition. Indeadj it appears to effect a pretty (aniijdelr* rcnnoval 
of any calchim present as impxirity in the luitrii'iit ion. Also 

the use of an antoclava ie imiieeessary, lieatiiii!' ff*r 2o min at 
100 A* being sufficient to precipitate the heavy metals, baridias, 
howeveiy to be taken to avoid C’xeess of basic iiiagnesium 
carbonate, as otherwise more or less coiii|ik‘te reiiiova! of phos- 
phate may result. 

Bortels (1927) similarl^ypiirified the nntrieiil soliitirm by |)iTei- 
pitating the traces of the heavy metal eontuminaut s with a smad 
qiiantityofaminoommsulphideand adsorbing t lie precipitateoii 
charcoal. Actually the ammonium sulphide appears to lie lui- 
iiecessary, according to Roberg |I928), who also piiriiied the 
charcoal from mineral ash constituents by a preliminary treat- 
ment with acid. However, Steinberg pointed tmt t had reinova 1 of 
the ash eomstitueiits appears to reduce the adsnrhiiig jmwer of 
charcoal, and he concluded that the use of eharena! is only 
advisable when for some reason it is essential to avoid the use t)f 
an alkaline earth compound. 

In 1 927 Hopldiis and W ann made use oft lie adsorpi i ve property 
of calcium phosphate for the removal of iron from tniiture solin 
tions for the green alga CMordla and later, for work with gream 
algae and Lemna, Hopkins (1934) again employc*d caleiuin 
phosphate as an adsorbent for removal of traecH of inangiuiesc^ 
from the nutrient solutioxi, Sakamiira, whohad |in'vicaisly {HIIIS, 
1934) used cliarcoal'for removal of traces of heavy metals from 
the, nutrient medium of Asper^iiliAs spp., eoiichided (RKIb), by 
polarograpliic examination* of nutrient solutions after treatment 
with charcoal and calcium phosphate respect ivelj’, that the 
latter effected a much more complete removal of t-hc heavy metal 
contaminants, a conclusion xvhicli was confirmed by growth 
experiments. His procedure was as follows. Caleiuin phosphate 
.was first purifiedby washing with water distilled in a glass still, 
a suspension of 50 g calcium phosphate in a litre of distilled 
water being .shaken for 5 h, during which time the V'ater was 
■changed four times. The calcium phosphate \uis tht^ii lihcuTd off 
. 'Bee this chapter, p.-2S. . , : 
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with the use of asli-free filter paper and dried. Calcium phosphate , 
so purified was then, added to the culture solution so that it %¥as 
contained in the latter to the extent of 0*5 per cent and the whole 
was brought to a pH of 5*5 by means of sodium hydroxide. The ■ 
solution m^as then shaken for 2 li and twice filtered. The final 
filtrate comprised the working culture solution. 

The preparation of culture, solutions free from trace elements 
for work with higher plants presents a som.ewhat different 
problem from the preparation of nutrient solutions for the growth 
of fungi. It will be apj)reciated that it is impracticable to purify 
the complete culture solution for higher plants owing to the large 
quantities of solution required, and it is thus necessary to remove 
the trace elements from the water and nutrient salts separately. 
The means by which this m^j be done have been described in 
detail by Stout and Anion { 1 939) . As regards the water used, it is 
necessary to avoid the use of distillation apparatus made of or 
containing copper, silver, tin or other metal. Although the actual 
content of contaminants in distilled water from a metal still may 
be very small, yet the quantity of water used, particularly in the 
culture of higher plants, is veiy considerable, so that the absolute 
amount of contaminant presented to the plant may be far from 
negligible. Stout and Arnon found that ordinary distilled water 
contained from 0*1 to 0*01 p.p.m, of metal contaminants. They 
recommended, therefore, that water should be redistilled, using 
a trap and condenser of pyrex glass and distilling at a rate slow 
enough to give a cool distillate. Water is obtained in this way 
free from metal impurities. It should be noted that the use of 
Jena glass is to be avoided, since this contains zinc which may 
appear in the distilled water. For some work on trace elements it 
has been found that water sufficiently free from metal contami- 
nants can be obtained by passing once-distilled water, rain water, 
or less satisfactorily, tap water, through columns of synthetic 
ion-exchange resins (Riches, 1947; Hewfitt, 1952). 

The mineral salts used by Stout and Arnon were calcium 
nitrate, potassium nitrate, magnesium sulphate, diammonium 
phosphate, dipotassium phosphate and ammonium, sulphate. 
Molar solutions of each of these salts wme prepared' and purified 
separately , 5 1. at a time, in 6 1. pyrex flasks provided with a plug 
of cotton- wool. The principle, involved in the purification of the 
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solutions was the same as tlmt employed by SteiiilMTy. but the 
details of the purification varied somewhat for diUVri.fiii salts. In 
all eases 65 g calcium carbonate and a small (|iianlily ofa 
of some other salt were added to 5 L of the Bohit iou to i le piirhieti. 
For calcium nitrate and potassium nitrate the sohitiori a-dded 
along with the caleiiim carbonate was 50 mi of riiolar d i | lot assi iiin 
phosphate ; with dipotasaiiim phosphate and iliuiiimoniiiin 
phosphate the added solution consisted of 25 !ul c d‘ im dar eafeiiuii 
iiitiute., and with magnesium sulphate and aiiimt'miimi Hiilphate 
the added solution %ras 50 ml of molar ealeiinn nit rate + 50 mi 
of molar dipotassium phosphate. The purification of a!! the 
solutions except that of ammonium sulphate was then effect ctl 
by autoclaving the mixture for an hour at 20 jb |irc‘ssiircg 
allowing the solution to stand overnight and then ^iite!^illg. The 
ammonium sulphate was treated similarly except that the 
solution wm heated for 45 min in a steamer instead of in an auto- 
clave, The final filtrates of the dipotassiiim and diainnioiiium 
phosphate w^ere acidified to pH 5*5 with, pure sulphuric or nitric 
acid. 

For testing the purity of the solutions so prcjauvrl Sloul and 
Anion made use of dithizoiie (di|>henylthio«irl)azoiie). The 
testing reagent is prepared hy dissolving 0*1 g of purified di- 
thizone in 100 ml of redistilled chloroform, lliis reagent, gives 
a red or purple colour in the chloro.fo.mi layer wl'ic'ii it is addtMi 
to a solution containing zinc., eo|)per, lead, niifiit^l, cobalt, cad- 
mium, thallium, mercury or bismuth. By coinpaiing llie colour 
produced by standard solutions with that produced hy tlie 
purified nutrient solutions, it was .found that the latter iisiiaily 
contained less than one part of metal contaminants in 10^ |)arts 
of solution, a degree of purity wdiicli was deemed siiflicieiit for 
culture work on micro-nutrients. Altliougli manganese does not 
give the colour reaction with ditliizone it was concluded that if 
the other metal contaminants wliich do produce the colour with 
ditliizone .are removed, the manganese will have been removed 
also.' 


The salts so purified did not include iron. This was provided as 
a solution containing 0*5 par cent ferrous sulpliate 4- 0*5 per cent 
tartaric acid -which. was added. twice weekly to the extent of 



0*5 ml per litre of culture solution, 
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That the nietliod of .purification used by Stout and .Amon was ' 
jEstifi.ed is clear from, t.he fact, that they obtained definite effects 
which were reproducible in the gro'wth .of plants by adding one 
part of zinc in 2 x 10® parts of culture solution. The method does 
not, Iiowevei% provide a satisfactory way for the removal of 
iiiolybdeiiiiiii. Hewitt and Jones (1947) at first effected this by 
precipitation with 8 -liydroxyquinoline (oxine) in presence of iron 
or aliiiiiiiiiioii but later (1952) used a procedure based on the 
co-precipitation of molybdenum with copper sulphide. To a 
molar or tvice-molar solution of the major nutrient salts to be 
purified a 1 9-5 per cent solution of copper sulphate (C 11 SO 4 . SHgO) 
is added in the proportion of 10 ml to each litre of major nutrient 
solution. The acidity of the solution is brought to pH 2-4 by 
additio.!! of liydrocMoric acid, and hydrogen sulpiride rvMch has 
been filtered through cotton- wool and then passed through a 
spray trap is bubbled tliroiigii the solution for 30 min or for twice 
tliis time with calcium salts and phosphates. After precipitation 
is complete, hydrogen sulpiride remaining in the solution is 
removed by allowing the latter to simmer on a hot plate. This also 
effects precipitation of colloidal sulphides and sulphur which are 
removed by liitration. Removal of molybdenum by this means is 
practically complete and any .remaining traces of copper can be 
removed by extraction with a pimlied solution of ditliizone. 

There remains the question of the vessels used to contain the 
eiiltiire solutions. There appears to be a general agreement that 
co.ntainers made of* pyrex glass form suitable, culture vessels for 
work on inicro-imtrieiits. 

2, The Estimation of Micbo-nutribnt 
Elements IN Plant'Material 

In order to investigate the part played by micro-nutrients in 
plants it is a prerequisite that methods should be available for the 
quantitative determination of each of them in plant tissues, for 
without quantitative data little advance in knowledge of any 
value is likely to accrue. In general, however, the quantitie,s of 
these elements present in the tissues are so small that the ordinary 
methods of quantitative chemical analysis are useless for the 
purpose, and methods have to be found by which very small 
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quantities of the elements concerned can he delerniinetl wills a 
reasonable degree of accuracy. Indeed, the jirlviines* plant 
physiology in general has been retarded very consish'rahly by 1 lie 
lack of methods for measuring many subslancc-s in very small 
quantity, and it is certain that increase of liiiowlcflge of the 
phj^siology of plants waits in large measure osi the (letelopiiuiiit 
of such micro-methods. 

A number of physical instruments have been developed whieli 
can be employed by the plant physiologist for tlie lueasiat'nKiit 
of small quantities of material, and it is now [jossibic with their 
aid to determine with sufficient accuracy all Ihe known micro- 
nutrients in plants. These instruments are the absorptiometer, 
the spectrophotometer, the polarograph and the sjieetrograph. 
The absorptiometer is an adaptation of tbe colorimet ct in %vhich 
the depth of colour of a solution is measured bj’ matching it 
against that of a standard solution, the matching lieing made not 
by the eye, but by a photoelectric cell. The use of this instrument 
for the determination of small quantities of pho.sphorus was 
described by Berenblum and C^liain (ftb'JS), who showed that 
quantities as small as Od //g could be mea.sured 111111 it-. The 
smallest quantities of the trace elements which have so far been 
determined in this manner are noted later. An authoritetive 
work on the absorptiometer Vas published by Haywood and 
Wood in 1944. 

With the spectrophotometer the optical density of a solid ion is 
measured at a particular wavelength by the combined use of a 
photometer and a spectrometer. In one form of this instrument 
parallel beams of light of equal intensity pass through parallel 
tubes containing the pure solvent and the solution, and then 
through a photometer. The beams from this are so arranged that 
they fall on the slit of a spectrometer, so that when viewed through 
the eyepiece they appear as two spectra one immediately above 
the other. By means of shutters in the eyepiece any particular 
part of the spectrum can be isolated for viewung. The photometer 
is adjusted so that the portions of the two spectra observed are 
of equal density and the optical density of the solution is then 
read from a scale on the photometer. The value so obtained is 
then compared with that of standard solutions. For a description 
of this type of instrument the work of Strouts, Gilfillan and 




MIGBO-KITTEIEHT PEOBLBMS 


23 


Wilson {1955) may be consulted. Brief descriptions of other 
types of spectropliotometer are given in a work by Jackson ( 1 958). ; 

The, polarograpli is an instrument in which a solution .of an 
electrolyte in presence of another electrolyte in much higher 
concentration (known as the ground substance or supporting 
electrolyte) is subjected to a gradually increasing difference of 
.potential between two electrodes, one of which consists of a series 
of small, drops of mercury d,elivered from the end of a capillary 
tube, while the other consists of a still mass of mercury, with a 
comparatively large surface. In these circumstances, when cer- 
tain experimental conditions are fulfilled a current (the so-called 
Svave ') flows throug,h the solution when the potential difference 
reaches a certain value determined by the nature of the cation, 
or in certain circumstances by the anion, present, while the 
magnitude of the current is determined by the concentration of 
these cations (or anions). By means of this instrument it is 
possible to measure quantities of a number of cations and anions 
of the order of 1 fig or less. Among the ions which have so far 
been determined in this way and which are of interest in plant 
nutritional studies are potassium, sodium, copper, manganese, 
aluininium, iron, zinc, barium, chloride, sulphate and nitrate, 
though in general it should be noted that it is not possible with 
the polarograpli to determine one alkali metal in presence of 
another. 

The polarograph was developed by Jaroslav Heyrovsky and 
appears to have been first described by Heyrovsky and Shikata 
in 1925. Much of the pioneer work with the instrument was 
described in English in the Collection of CzechoslomJc Chemical 
CommMmmiiO'm, Sribsequeiit investigations have shown that 
this instrument is a most valuable tool for the student of plant 
nutrition. Several books dealing with methods of polarographic 
analysis are now available among which those of Kolthoff and 
Lingane (1952) and Milner (1957) may be mentioned. 

The work of Jackson ( 1958) already cited contains descriptions 
of a number of methods for the colorimetric determination of 
manganese, zinc, copper, molybdenum, cobalt, copper' and boron, 
and also for the polarographic determination, of zinc and copper, 
in soils and plant materials. The work of Sandell (i950)-, on thC' 
determination of traces of metals may also be consulted. , 
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. „ Uadoubtedly til© nm of the spectrograph aiTords the most 
seiisiti¥e method of maasuriBg small quantities of alargc* number 
of elements. 

Under certain conditions, a substance can be made to emit 
radiation, this radiation being limited to certain wavelengths 
.which are characteristic of the elements in tlic substance and of 
the conditions used to excite the radiation. If the racliatioii 
passes through a prism or diffraction grating the I'acliatioiis of 
different wavelcjigths are separated and a Hpectruin results, the 
radiation, possessing the longest wavelengUis being at cme end 
of the spectrum and that possessing the shortest niivelengtlis at 
the other. In the spectrograph such a spectriiiTi is made to fall on 
a p.hotograp,hie plate, and the plate, on deveiopiiieiit . constitutes 
a photographic negative of the spectruiii. This usually consists of 
a mmiber of lines, each Hue corresponding to radiation of a 
definite wavelength and possessing an intensity of blackness 
depending, witliiii the li.mits of under-exposure and over-exposure 
of the plate, on the intensity of radiation tiiat partieiiliir wave- 
length. Determination of the intensity of blackening of a line 
characteristic of a particular element sliould therefore afford a 
means of estimating the quantity of tliat elc^iiiciit in a saiii}>le of 
material, for example, plant ash, which hm bevn subjected to the 
necessary conditions for inducing an. enuHsioii of radiation from it. 

Of the various ways in which radiation siiitablo for spect.ro- 
graphic examination may be produced three have la*en developed 
to a. considerable extent; these are by means of a fhiino, by the 
use of the electric arc and by the use of an electric spark. The 
spectra produced in th6.Be .ivays are known as fiamo, are and 
spark spectra respectively. ' Each method has its own particular 
advantages and disadvantages. ""For a time at any rate the flame 
method was perhaps the most popular with workers on plant 
material, '.but in more recent years the arc method has been 
extensively employed for the determination of trace elements in 
both soils and plant material. 

-Flame spectra, as the name suggests, are produced when a 
substance is heated in a flame. Although spectra are produced 
when the flame is that of a Bunsen burner, for analytical I'uirposes 
a flame much hotter than this is generally required, and air- 
acetylene, oxy-coalgas, oxy-hydrogen, and oxy -acetylene flames 
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have all been employed with more or less success. Two distinct 
procedures have been employed for introducing the substance 
into the flame. In one a small quantity of the substance is con- 
tained on or in a piece of filter paper and the latter then introduced 
into the flame. In the other a solution of the substance is sprayed 
into the flame through a very fine nozzle. These two methods are 
largely associated with the names of Ramage and Lundegardh 
respectively, but they have both been used, with a variety of 
modifications in detail, by other workers as well. By maintaining 
the conditions of experimentation constant the same density of 
spectral line can be obtained from the same quantity of material, 
so if calibration is made by the use of a number of samples of 
known composition it is possible to determine the amount of the 
element in a sample under examination by measurement of the 
density of the line and reference to a calibration graph. 

In exciting spectra by means of the arc, electrodes in the form 
of rods, usually of graphite but sometimes of copper, nickel, iron 
or other metal, and of as great a purity as possible, are used. The 
electrodes are in a vertical line aird the lower contains at its upper 
end a cavity in which the substance under examination is held. 
This electrode may be either the anode or cathode, advantages 
being claimed for each. After bringing the electrodes into contact 
they are separated to a standard distance apart so that the condi- 
tions of the arc are kept as constant as possible. Even so the arc 
is so variable that it has so far been found impossible to devise an 
an’angement such that the same amount of material subjected to 
excitation will produce the same intensity of spectral lines. Hence 
in quantitative estimation of any element by means of arc spectra 
it is necessary to have recourse to the device of the ‘internal 
standard’. This is achieved by introducing along with the sub- 
stance to be examined a known amount of some other substance 
involving an element which yields a spectral line in the near 
neighbourhood in the spectrum of the line to be measured. This 
same consideration holds when the spark discharge is used for 
exciting spectra. Thus Foster and Horton, in determining boron 
in ijlant material by the spark method, added a known quantity 
of a gold salt to the material they were examining. Within limits 
the ratio of the intensities of the lines of the element to be 
measured and of the internal standard is proportional to the 
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ratio of the quantities of the two elements present, m that by 
measuring the intensities of both lines and reference to a cali- 
bration graph obtained by the use of known mixtures in which the 
quantities of the two elements are varied, the desired determi- 
nation can be made. 

In the buffer procedure as described by Perry, Weddell and 
Wright (1950) the material to be analysed is mixed with excess of 
some specific substance and a small quantity of a compound pro- 
viding the internal standard. This mixture is used in one of the 
electrodes of the arc. In this way the material subjected to tlie 
arc is practically constant, only differing in the quantities of the 
elements in the soil or plant material, which altogether form only 
a small proportion of the w'hole. In using this method Schimp, 
Connor, Prince and Bear (1957) buffered the plant ash with at 
least twenty times its weight of chemically pure sodium nitrate 
and used an alternating current arc. The method was found 
satisfactory for the determination of a number of elements 
including manganese and copper. Vanselow’ and Bradford (1 1)57) 
mixed 60 mg of the ash sample with 1 2-") mg of anhydrous 
sodium sulphate. They used a direct current arc, the sample to 
be analysed being usually held in the anode. 

Where the content of an element in material to be analysed is 
too small for it to be determined directly by spcctrographic 
analysis,amethodofconcentratmgit may be employed so that its 
concentration in the sample analysed is high enough for its esti- 
mation. Such methods were divided by Mitchell (1948) into two 
categories, one which is non-specific in the sense that as many 
trace elements as possible are concentrated wliile major consti- 
tuents are removed, the other in which one or only a few of the 
minor elements are retained and which may be effected by 
standard chemical methods of separation. For details of the 
method developed at the Macaulay Institute for Soil Research 
reference should be made to the publication cited above. 

Mitchell’s technique was used by Schimp and his co-workera 
for the determination of a large number of elements including 
zinc and molybdenum. It was also used by Vanselow and Brad- 
ford for estimations for which their procedure noted above was 
not sufficiently sensitive. Here again the material to be analysed 
was mixed with one-third of its weight of sodium sulphate. 
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For the semi-quantitative analysis of plant ash with the use of 
the direct current are Lounamaa (1956) mixed 40 mg of powdered 
carbon with 20 mg of plant ash and placed the mixture on the 
anode. For soil analyses a mixture of 4 parts of carbon and one 
part of sodium cliloride was used and this was then mixed with 
the soil to be analysed in the proportion of one part of soil to 
5 parts of the mixture, so that the final mixture placed on the 
anode contained equal quantities of soil and sodium chloride. 
The determination of the various trace elements was made 
by a visual comparison of the densities of the various spectral 
lines in the photographs of the spectra with those obtained 
from a series of standards udth known contents of the different 
elements. 

For measuring the intensities of the spectral lines various 
methods have been devised, but this is now generally effected 
by means of the microphotometer. In this instrument a narrow 
beam of light passes through the photographic negative of the 
spectrum, and then falls on a photoelectric cell, with the result 
that a current i.s imluccd which is measured by a galvanometer. 
By means of a rack and pinion the plate is moved very slowly 
over the beam of light so that tliis passes in turn through the 
clear plate and the s[)ectral line. The difference in the galvano- 
meter defiexion obtained for the clear plate and the spectral line 
gives a measure of tlie intensity of the line and hence of the 
amount of material. 'I'he jn'inciples of speotrographic analysis 
have, of course, been given here in the broadest and simplest 
terms. Actually such aualysis is full of difficulties and many pre- 
cautions have to be taken to ensure reliable results. A description 
of these details is outside the scope of this book, and those 
interested should consult works on spectrographic analysis, 
particularly the publications by F.Twyman (1935, 19S8o, 19386, 
published by Adam Hilger, Ltd, also 1941), the major works 
by Lundegardh (11)29, 1934, 1936, 1945), and Lundegardh and 
Philipson (1938), and the comprehensive monograph on spec- 
trographic analysis of soils, plants and related materials hy 
Mitchell (1948). This and Lundegirdh’s publications are of 
particular value to workers with biological material. The same 
reniarks apjdy to the use of the microphotometer and the 
method of calculating results. 
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It is to be noted that in the method developed by Lunclegardh 
solutions are analysed, whereas in most other procedures solid 
samples are used. 

It has already been stated that the spectnjpraph affords the 
most sen.sitive method of measuring small quantities of many 
elements. This is undoubtedly the case when an arc or spark is 
used, but results obtained wdth the flame method indicate that 
the latter, as used up to now, is capable, broadly speaking, of 
yielding about the same degree of sensitivity as the polarograph 
and absorptiometer. 

But from Lundegardh’s experience 1!»;54) it would 

appear that the flame method i.s sufficiently sen.sitive for the 
quantitative determination of only two of the live generally 
accepted micro-nutrient elements, namely, manganese and 
copper. The most dilute solutions of manganese and copper that 
can be used are those of a concentration of ax As a 

quantity of 5-15 ml of solution is required this woulil mean that 
the smallest quantity of these elements determinable by the 
flame method as LundegArdh used it wt>uld be of the order of 
1-4-4 yg. With a procedure later describc'd by (Iriggs, Johnstin 
and Elledge {11)41), the minimum concentration of manganese 
usable is given as M25 x while the use of as little as 2 ml 

of solution is possible. This would mean that the smallest quantity 
of manganese measurable would be about 1-37 //g. 

Using the are it is po^ible to measure quantities as small as 
0-05 /xg or even smaller of manganese, boron, co})per, molyb- 
denum, gallium and cobalt. Vanselow and Bradford ( 1 957) found 
the smallest quantities of the different trace elements detectable 
by their direct procedure varied considerably, from 0-015 /ig for 
copper to 3 fig for zinc. 

It must be borne in mmd that for the determination of any 
particular element one or other of the methods that have been 
here indicated may be inapplicable. Thus so far it has not been 
found possible to determine either boron or magnesium, both 
important plant nutrients, by means of the polai'ograph. The 
presence of magnesium as an impurity in graphite may render 
the use of a graphite arc impracticable for the determination of 
that element spectrographically. A method, while usable for the 
determination of larger quantities, may not be suiflciently sensi- 
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tive for measuring the small amounts of micro-nutrients present 
in available samples of plant material. Many preliminary trials 
of the different methods may thus be necessary before the investi- 
gator can decide what method to use for the estimation of any 
particular micro-nutrient. 

The degree of accuracy generally obtainable by what may be 
called micro-methods is much less than that obtainable in most 
macro-chemical determinations, but is generally sufficient for 
the kind of problem which faces the investigator of plant 
nutritional and pathological problems. Broadly speaking it may 
be said that the results of a single determination obtained by 
the methods that have been outlined here are correct within 
about 5-10 per cent. A higher degree of accuracy is no doubt 
often possible, and with the absorptiometer, polarograph and 
spectrograph it has been claimed in certain circumstances that 
the error of a single determination does not exceed 2 per cent. 
By making a number of replicate determinations and taking the 
mean value a considerable increase in the accuracy of an esti- 
mation may be achieved, but the limited amount of material 
available may often render this procedure impossible. 

A method for the estimation of trace elements in soils and plant 
materials known as bioassay depends on the effect of these 
elements on the growth of Aspergillus niger. This method has been 
developed particularly by Mulder in Holland and by workers at 
Long Ashton in England. Essentially the method consists in 
growing A . niger on culture media which contain all the essential 
nutrients in adequate quantity with the exception of the one to 
be determined. A definite quantity of the soil or plant material 
such as ash is added to the medium and the amount of growth of 
the fungus after a standard time at a definite temperature is 
determined from the diy weight of the fungus felt. This is then 
referred to curves connecting the amount of grow-th of the fungus 
unth known quantities of the element in question present in the 
culture medium. Tliis method has been found particularly useful 
in w’oi'k with molybdenum, for which it is claimed to be the most 
sensitive method of determination available. With copper an 
estimation of the amount of this element can be made simply 
from visual inspection of the colour of the spores produced, which 
has been shown to depend on the amount of copper present in the 
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medium. For this work, as with all methods for t he drtcrminat ion 
of trace elements, the utmost obtainable purity f>f all materials 
used is essential. 

We may next turn to a consideration of the methods .siiitaltle 
for the estimation of the individual micro-uni rient.s in plant 
material. They are usually determined iji plant ash. This should 
be prepared by first drying the material in an oven at < (t • 1 Ot) ‘C, 
grinding it to a powder and then incinerating it in a furnace at a 
temperature of from 450 to 600 °C. ^'a^selow and J-iradford 
(1957) advocated drying the material at 55 ajid then cru.shing 
it by hand, which they considered the best way t u avoid contami- 
nation of the sample. The crushed product was then ignited in a 
silica dish at a temperature not exceeding 450 ‘’C. Biu'ning in a 
enicible over a Bunsen burner or blowpipe is not to be recom- 
mended, as tMs leads to an intense local heat causing partial 
volatilization of some of the mineral matter. Tlie ash, after 
cooling, is dissolved in a small quantity of mineral acid and the 
resulting solution evaporated to dryness on a water-bath. T’he 
residue is then dissolved in a definite volume of water or dilute 
acid. Insoluble silica may be removed by filtering. 

The preparation of ash in this way is not always to be recom- 
mended. For example, Reed and Cummings (1941) found that 
there was a considerable loss of copper, amounting to 50 ^ler cent 
or more, involved in this method of ashing, even when the tem- 
perature of ignition was as low as 450 °C. For the TOtimation of 
copper in plant material they therefore recommended a procedure 
in which from 0-5 to 2 g of the plant material aro heated with 
6 ml of concentrated nitric acid until brown fumes are evolved, 
when 1 ml of concentrated sulphuric acid is added and heating 
continued until charring begins and all nitric acid is given off. 
After addition of 1-2 ml of 60 per cent perchloric acid, heating is 
resumed until the solution is colourless or pale yellow and excess 
of perchloric acid also given off. The resulting solution should 
then contain all the copper originally present in the sample used. 

It is also possible that such a ‘wet ashing’ method may be 
preferable to dry ashing when micro-nutrients other than copper 
are to be estimated. In this connexion it may be mentioned that 
Griggs, Johnstin and Elledge (1941) found that dry ashing at 
400 °C resulted in a loss of 30 per cent of the total potassium and 
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10 per cent of the total calcium. They themselves recommended 
the extraction of the mineral elements with nitric acid and per- 
hydrol. Nitric acid is added to a weighed quantity of the plant 
material in a 70 ml pyrex test-tube and the mixture heated on a 
sulphuric acid bath at a temperature between 120 and 140 °0 
until the solution is clear. Perhydrol is then added and the tube 
carefully heated over a micro-burner. If necessary, small addi- 
tions of nitric acid and perhydrol may be made to effect complete 
decoloration of the solution. 

The determination of various trace elements in plant material 
wUl now be considered. 

Manganese. A considerable number of methods of reasonable 
accuracy ai'e available for the determination of manganese in 
small quantities. The spectrograph, polarograph and absorptio- 
meter can all be employed successfully for this purpose. With 
regard to the spectrograph, the flame, arc and spark methods can 
all be used, but, as has already been indicated, the sensitivity of 
the flame method is less than that of the are. For the determi- 
nation of manganese in plant material the flame method has 
been used and described by Lundeg&rdh (1929, 1934) and more 
recently by Griggs, Johnstin and Elledge (1941). As already 
mentioned, by its means about 1-4 /tg of manganese can be 
determined. Lundeg4rdh claims that the probable error of a 
single determination made by the flame method is about 1-2 per 
cent, but the accuracy is no doubt less than this as the amounts 
determined approach the low'er limit of measurable quantities. 
The line used for the measurement is 4031 A (Lundeg^rdh, 
1929). Considerably smaller quantities of manganese can be 
determined by the arc and spark, but although they have been 
used quite extensively in metallurgical work, they have received 
relatively little attention from the point of view of the determi- 
nation of manganese in plants. 

Melvin and O’Connor (1941) used the arc method for the 
simultaneous determination of manganese, boron and copper in 
fertilizers, and their method would appear to be sxiitable for the 
determination of these same trace elements in plant material. 
The lines used were the manganese 2606‘7 A, boron 2497-7 A and 
copper 3247-5 A, with the beryllium line 3130 A as internal 
standard. An accuracy of about ± 6 per cent is claimed for the 
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estimations. Analyses published by the advoeatcs uf t he method 
indicate that quantities as small as, or smaller 1 ban, 0- 1 /^fr can be 
determined by means of their procedure. VriimUav and Bradford 
(1957), whousedpalladiumasaninternal gtandai’fl. eonsldered the 
limit of detectability of manganese by their method (sec }>. 26) 
was 0-03 /tg. 

Manganese is readily determined wit h the p«)Iarogra]>h, a g(iod, 
■well-defined wave being obtained when a chloi'ide ol‘ an alkali or 
alkaline earth is present in considerable excess. It is usual to 
employ a few ml of solution, and as eoTiccnt rat ions of from 
m/250 000 to m/300000 are measurable, with the use of, say, 5 ml 
of solution 1 /ig of manganese is determinable. With the use of 
special micro-cells taking smaller quantities of solution, very 
much smaller quantities of manganese can bo measured. 

But although the polarograph would at lirst sight ap})ear to 
offer an ideal way for determining manganese in plants, actually 
the polarographic determination of manganese in plant ash is not 
straightforward. This is particidarly so where ash or extract 
contains a comsiderable quantity of phosphate. Plant ash con- 
sists chiefly of oxides, phosphates and sulphates of potassium, 
calciiun, magnesium and other metals and is tjiily 8ohd)lo in 
acid. Since hydrogen-ion gives a wave in solutions of alkali or 
alkaline earth chlorides very near to that of manganese, an ash 
solution cannot be polarographed for manganese directly because 
the waves for manganese and hydrogen tend to coalesce. On 
neutralizing the solution the manganese precipitates as phos- 
phate, and in consequence no wave for manganese is then given. 
To deal with this situation the following procedure has been 
found by the -writer to give in some eases fairly reasonable results. 
After removal of sulphate by barium chloride the phosphate is 
removed from the ash solution by the addition of barium car- 
bonate in excess and filtering. This also removes ferric iron and 
aluminium, the wave for the latter of which is sufficiently close to 
that of manganese to render the end-point of the wave for the 
latter rather indeterminate, even if the two waves do not coalesce. 
The large quantity of potassium, calcium and magnesium 
chlorides present in the solution acts as ground substance and the 
filtered solution can be polarographed directly. Where the 
quantities of sulphate and phosphate in the ash are relatively 
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small, results obtained by this treatment have been in reasonable 
agreement with results obtained by other methods, but where 
much sulphate and phosphate are present results are not reliable, 
owing probablj' to adsorption of manganese by barium sulphate 
or phosphate. For each determination two solutions are taken, 
one consisting of ash solution, the other consisting of ash solution 
containing the same concentration of ash but with a known 
amount of added manganese. The difference in the heights of 
wave given by the two solutions is then attributable to the added 
manganese, to which the height of the wave given by the pure 
ash solution is referred. 

Since a number of metals are reduced at more positive poten- 
tials than manganese there is the possibility that they might 
interfere with the wave for this ion. The principal elements con- 
cerned are cojipcr, cadmium, lead, chromium, molybdenum, 
cobalt, nickel, iron and zinc. It is extremely unlikely that any of 
these, with the exception of the last two, are likely to occur in 
sufficient quantity in plant material to disturb the polarographic 
determination of manganese. As regards iron this is practically 
all removed by the treatment of the ash solution outlined above, 
and as a matter of fact no wave for iron appears in the polaro- 
grams of solutions so treated. The possible influence of zinc on 
the mangatiese wavt^ was examined by the writer, who found that 
no elfeet was produced on the wave of m/10000 manganese by 
zinc in concentrations uj) to five times that amount. No ash 
examined by the writer has been found to contain a proportion 
of zinc to manganexse approaching that value. According to 
Jackson (It»58) the manganese content of plant digests can be 
determined .satisfactorily with the polarograph with the use of 
a ground solution containing 0-25m sodium sulphite and 0-1 m 
sodium chloride. It is claimed that manganese in concentrations 
from O-Ol to 0- 1 millimola per litre can then be measured with an 
accuracy of about 5 }»(u- cent in presence of copper and zinc in 
similar concentratiems. 

A number of metbods for determining manganese with the use 
of the ab.sorpt i{imet er are available. Most of these depend on the 
oxidation of tlu* manganese salt with the production of perman- 
ganate., the int(msity of the colour of which is determined with 
the absorptiometcr. The methods are known as the periodate, 
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persulphate, and bismuthate methods, according? t<i the reagent 
used for eflfecting the oxidation. Trials carried f»ut !»^v iiiy former 
colleagues, I)r K. W. Dent and Professor K. S. 'rwynian. isidicale 
that the periodate method is the most satisfactory of the.se. as 
regaixis both simplicity of procedure an<i accuracy of the re.sulte 
obtained. This experience appears to be fairly genera i if we are to 
judge from the fact that this method is the one iiuthl commonly 
used by recent workers. A number of accounts of the proeedme 
employed in using the method have been publi.xheti ; of these 
may be cited those by Coleman and Gilbert and C’(K)k 

(1941). Coleman and Gilbert found that the same values for 
manganese content of tea and coffee were obtained with a %vet 
ashing process and with incineration in a muflle. so it is concluded 
that no loss of manganese occurs with eit her ash ing process. When 
dry ashing is employed 1 g of materia! i.** moistened with 1-2 ml 
of concentrated sulphuric acid and ashed at a dull red heat in a 
muffle. The ash is dissolved in 15 ])er cent sulphuric acid and 
filtered. The filter paper is ignited and any iwidue from this 
dissolved in about 10 ml of dilute stilphuric acid and tiltered into 
the main filtrate. To the combin<?d filtrate 0-1 g of potassium 
iodate is added and the mixture boiled for a few niimit es and then 
kept hot for 30 min for the development of the ]>ink colour. The 
solution is made up to standard volume and the intensity of the 
colour determined. 

Amounts of manganese down to about 12 [ig can be estimated 
in this way. 

For a description of the bismuthate method, which is parti- 
cularly recommended for the determination of manganese in sofis, 
reference may be made to a paper by Dean and Truog (1935) and 
for the persulphate method to papers by Majdel ( 1930) and Olsen 
(1934). 

A method for the estimation of small quantities of manganese 
which has been described by Sideris ( 1940) depends on the colour 
produced when formaldoxime is added to a solution of a manga- 
nese salt. The formaldoxime reagent is prepared by dissolving (by 
boiling) 20 g of trioxymethylene -h 47 g of hydroxylamine sul- 
phate in 100 ml of distilled water. Ten ml of the hydrochloric 
acid solution of the ash are neutralized with sodium hydroxide 
and then acidified with 2 ml of a 20 per cent solution of aoetio 
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acid. Excess phosphate is then removed by adding 0*5 ml .of a 
5 per cent solution of lead acetate, the mixture shaken, allowed 
to stand for 10 min and then treated wi.th 1 ml of a 20 per ' cent 
solution, of sodium sulphate .to remove excess lead, A.fter 30 min . 
the precipitate is removed by filtration or centrifuging and the 
clear solution neutralized with 40 per cent sodium hydroxide. 
Three or four drops of formaldoxime reagent are added to the 
liquid and then more 40 per cent sodium hydroxide until a wine- 
red colour develops, the intensity of which is said to be directly 
proportional to the concentration of manganese. The liquid is 
made up to a standard volume and the intensity of the colour 
determined. According to Sideris it would appear that quanti- 
ties of manganese of the order of 5 jug can be determined in the 
presence of 10-100 of phosphate with an error not exceeding 
4 per cent. Under more favourable conditions quantities of man- 
ganese down to 0*25 /ig would appear to be determinable. 

Yet another method for the determination of small amounts of 
manganese has been described by Wiese and J ohnson (1939). The 
nitric acid solution of the ash containing from 1 to 10 jug of manga- 
nese is first rendered free from chlorides by three times evaporating 
it to dryness and redissolving in nitric acid-f 10 ml of distilled 
water. About 0*2 g of sodium bismuthate is added and the 
mixture boiled for 2-3 min. On cooling to below 30 °C 0*2-0*3 g 
of sodium bismuthate is added, and after mixing the sample 
thoroughly and allowing it to stand for a few minutes the excess 
of sodium bismuthate is filtered off through a Gooch crucible. 
The solution filters directly into the absorptiometer cell con- 
taining two drops of a solution of benzidine (1 per cent in 5 per 
cent acetic acid) in 3 mi of distilled water. The solution is made 
up to standard volume and the intensity of the yellow-green 
colour which develops is estimated after 5 min. 

Zinc* For the determination of zinc in plant material by 
means of the spectrograph, the flame method is not sufficiently 
sensitive. Several workers, however, have described procedures 
for the spectrograpMc determination of zinc in such material by 
using the arc. Thus Rogers (1935) advocated using the zinc line 
21 38-5 A but found it was necessary to sensitize the photographic 
plate by spreading mineral oil over the emulsion, or alternatively 
using a special plate (Eastman spectroscopic plate type III-O) 
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with ultra-violet sensitization. The telhiriuui line 2143-(> A was 
used as internal standard. Vanselow and Lanrancc { 1 U36), on the 
other hand, recommended the use of the zinc line 3.1 Ifi-O A with 
cadmium line 3252*5 A as internal standard. To a liydrochioric 
aoid solution of plant ash a knowm amount of eadmiunt sulpliate 
was added and the zinc and cadsnium then precipitated as 
sulphides by a special technique : the sulphides were then spectro- 
graphed. Rogers and Gall (1937) reporteri unfavourahiy on the 
procedure of Vanselow aird Laurance and suggo.«ted that zinc in 
plant ash is not completely extracted by hydrochloric acid. 
O’Connor (1941), in developing spectrochemical methods for the 
determination of trace elements in fertilizers, like Rogers used 
the zinc line 2138*5 A for the determination of this element, but 
employed the beryllium line 2348*6 A as internal standard. The 
spectrograms were obtained on pbotograpdiic jiiates with ultra- 
violet sensitization (Eastman I-O spectro3CO])ie ultra-violet 
sensitive plate). O’Connor claims that in this way zinc can be 
determined within the limits of 2 p.p.m. to 1 per cent with an 
accuracy within ± 6 |jer cent. As a 20 mg sample is used for a 
determination this mean.s that a quantity of zinc as small as 
0*04 ftg can be determined. Later Vanselow and Bradford (1957) 
recommended the thallium lines 2767*9 A and 3519*2 A as 
internal standards, while Schimp, Connor, 1‘rince and .Bear ( 1 967) 
used the germanium line 3269*5 A for this purpose. 

Lundegardh (1934) recommended the use of the line 3345*0 A 
for the determination of zinc by the spark method. 

Methods for the polarographic determination of zinc in plant 
materials have been elaborated by Stout, Levy and Williams 
(1938), by Reed and Cummings (1940) and by Walkley (1942). 

In the method of Stout, Levy and Williams the hydrochloric 
acid ash solution (about 100 ml) from 1 to 2 g of dried plant 
material is treated with 6 ml of n ammonium citrate and then 
rendered slightly alkaline by the addition of ammonium hydrox- 
ide. The resulting solution is then shaken with 10 ml of a 
solution of 1-3 mg of dithizone in chloroform. The resulting 
chloroform layer, which then contains the zinc, nickel, cadmium , 
lead and copper, is separated from the aqueous layer containing 
iron and manganese. The zinc and accompanying metals are 
then removed from the chloroform by two extractions with 
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10 ml of 0-5k hydrochloric acid. The hydrochloric acid extracts 
are evaporated to dryness and the residue dissolved in a solution 
of 0-1 N ammonium acetate + 0-026n potassium thiocyanate. On 
polarographing this solution well-defined and well-separated 
waves of lead, cadmium, nickel and zinc are obtained. 

Eeed and Cummings experienced some trouble with the method 
of Stout, Levy and Williams, particularly when large quantities 
of zinc or of cadmium, lead, copper, nickel or cobalt were present, 
and they found that to effect a quantitative separation of the zinc 
from aluminium, iron and alkali metals five or six extractions, 
instead of only one, were necessary. They therefore devised a dif- 
ferent procedure in Tvhich the ash solution in hydrochloric acid 
was brought to a pH of betw^een 4 and 5 by addition of dilute 
ammonium hydroxide. This precipitates practically all the 
aluminium and ferric iron, wliich are filtered off. The filtrate is 
evaporated to dryness on a steam bath and the residue dissolved 
in a solution of 0- 1 n ammonium acetate of pH 4- 6 and containing 
also potassium thiocyanate of concentration 0-025N', and the 
resulting solution polarographed. It is stated that no inter- 
ference with the height of the zinc wave then results from the 
presence of chloride, sulphate, phosphate, carbonate, sodium, 
potassium, calcium, magnesium or manganese, and no inter- 
ference results from lead, cadmium or nickel up to concentrations 
ten times that of the zinc. Copper interferes if it is present in 
concentrations ten times or more that of zinc, while the cobalt 
and zinc waves tend to coalesce if the former is present in rela- 
tively high concentration. Actually Reed and Cummings found 
that if cobalt occurs in concentrations greater than 1 x 10“® g 
per ml it only interferes with determinations of zinc when the 
ratio of cobalt to zinc exceeds 2. It would, as a matter of fact, 
be a very exceptional plant ash in which any of the ions noted 
occurred in sufficient amount to interfere with the polarographio 
determination of zinc in this way. 

The lowest measurable concentration of zinc is stated by Reed 
and Cummings to be 0-2 jig of zinc per ml, that is, about 
m/300000, so that, using 5 ml of solution, 1 /ig of zinc should be 
determinable. 

In Walkley ’s procedure the dried plant material is first sub- 
jected to wet ashing, about a gram of the material being digested 
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with a mixture of 10 ml of nitric acid, 1 ml of Mil}>huric acid and 
1 ml of perchloric acid. Frothing is prevented hy addition of a 
drop of kerosene. The cooled digest is taken up in i .I ml of %vater 
and boiled, and on cooling 25 ml of an ammonium citrate buffer 
are added. This buffer is prepared by diffiolving 5 g of citric acid 
in 60 ml of water and 200 ml of 4 n ammonium hydroxide, and 
then extracting impurities by three successive sluikings with 1 0 ml 
of a solution of dithizone in chloroform ( 1 gofdithizonc in 1 00 ml 
of chloroform), and running off the cliloroform layers. The final 
purified buffer solution contains dithizone in Kolut iiin. 

The zinc is separated from the digest afttT treatment with the 
ammonium citrate buffer by three extractions each with 5 tnl of 
chloroform. The chloroform extracts are eva|)orated to dryness, 
then treated with a mixture of 2'5 ml of nitric acid, 0-.6 ml of 
perchloric acid, and two drops of sulphuric acid and again evapo- 
rated to dryness, boiling being avoided. The residue is then dis- 
solved in I ml of a ground liquid of O-lx ammonium chloride ■+ 
0-02 N potassium thiocyanate containing 0-0(Mf2 ]»er cent of 
methyl red and polarographed in a small electrolysis vessel. 
Practical details for carrying out Walkley's method will be found 
in Piper’s book on Soil and Plant Analysis (1942 b). 

For determining zinc and copper on a single i)oiarogram 
Menzel and Jackson (1951) also used a wet ashing process in 
which a preliminary digestion of the dried plant mai(Tial with 
concentrated nitric acid at 100 "C was followed by further 
digestion at the same temperature with a mixture of the same 
three acids used by previous workers, but this time concentrated 
nitric acid, concentrated sulphuric acid and 60 per cent ijer- 
chloric acid were used in the proportions 10:1:4. The digest from 
1 or 2 g of dried material was brought into a separating funnel 
with 25 ml of ammonium citrate buffer containing dithizone and 
5 ml of chloroform, precautions having being taken to ensure 
the pxndty of the reagents. Most of the zinc and copper salts with 
dithizone are extracted by the chloroform with shaking for a 
minute and the pH of the aqueous phase brought to 9-10 by 
addition of either hydrochiorio acid or ammonium hydrate. 
After a further shaking for a minute the chloroform layer is 
removed and the aqueous layer washed with 2 ml of chloroform 
and then with a further 2 ml of this, by winch all the zinc and 
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copper will have been transferred to the chloroform. The chloro- 
form solution of the zinc and copper dithizone compounds is 
evaporated to dryness and the dithizone oxidized by heating 
with the three-acid mixture noted above at 300 °C for 2 h. Tor 
polarographing, the dry sample so obtained is added with a drop 
of gelatin to 5 ml of the ground liquid which is prepared by dis- 
solving 2-1 g of sodium sulphite in 66 ml of 0-1 m ammonium 
hydroxide. About an hour, with occasional gentle shaking of 
the liquid, may be necessary to bring the zinc and copper into 
solution. Where the copper content of the sample is low a smaller 
amount of the ground liquid may be used in order to raise the 
concentration of the copper in the solution polarographed. 

For the absorptiometric determination of zinc a favoured 
method is that based on the coloration given by zinc salts with 
dithizone {diphenylthiocarbazone). Reference has already been 
made in tliis chapter to the fact that this reagent gives a red or 
purjile colour when added to solutions of compounds of a number 
of metals, including zinc (see p. 20). The resulting coloured com- 
pound is quantitatively extracted with chloroform or carbon 
tetrachloride, and according to R. H. Caughley (see Holland and 
Ritchie, 1939) sodium diethyldithiocarbamate in 0-02n am- 
monium hydroxide solution inhibits the reaction of dithizone 
with all metals except zinc. Cowling and Miller (1941) made use 
of this very useful fact to work out an absorptiometric method 
for the quantitative estimation of zinc in plant materials. Un- 
fortunately the addition of the sodium diethyldithiocarbamate 
(generally denoted by ‘carbamate’ for the sake of brevity) 
renders the extraction of zinc by dithizone incomplete. By care- 
fully standardizing the technique, however, Cowling and Miller 
claimed that this drawback could be overcome and the quan- 
tity of zinc in plant ash determined with reasonable accuracy. 

After ashing a 5 g sample of the dried plant material at 600- 
650 ‘’C, the ash is dissolved in hydrochloric acid, insoluble matter 
being removed by filtration. The metals which form complexes 
with dithizone are then extracted from the solution by repeated 
treatment with excess of a solution of dithizone in carbon tetra- 
chloride at a pH of 8-5-9 in presence of ammonium citrate; the 
latter prevents the precipitation of iron and aluminium. The 
dithizone extract is then treated with 0-02n hydrochloric acid; 
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copper and the excess of dithiEone reittaiii in tJic* car'boii tetra- 
chloride phase while the dm and other poHB into the 

aqueous phase. The pH of the latter is then iiiljiiHiecl to between 
8*5 and 9 by the addition of ammoiiia-ainiiioiiJiiiTi citrate buffer 
containing carbamate and. the Einc extracted with dithizoiie in 
carbon tetrardiloride. The resulting extract is used fur tl’ie deter- 
mination of the ziiic^ the reading obtained being eompiired with 
those given by so.lutionB of known zinc content n hieli arc^ plotted 
to give a standard curve. It is essential tliat the same conditions 
should be rigidly adhered to both in obtaining the standard curve 
and ill the analysis of samples of plant mat crial ; that is, t lie same 
pH should be used in the extraction, the volumes of phases, the 
amount of dithizone and the amount of carbamate used slioiilcl be 
the same. Tests made by the authors show that if this is done the 
method is higlily reliable. The presence of other metals does not 
interfere significantly with the determination ; a good degree of 
accuracy was obtained in the recovery of zinc added to plant 
material, while good agreement was obtained between deterini- 
nations of zinc in duplicate samples of the same material. The 
method would appear to be capable of detenniniiiig C|uaiitities of 
zinc as sma,ll as 2 fig or even less. 

A. method whic.h can be used for the colorimetric determination 
of both zinc and copper, involving the use of 2-cari:ioxy“2'- 
hydroxy-5' , siilphofor.mazyIbe.nzene, conveniently known as 
zincon, has been desciibed by Rush and Yoe (1954). With this 
reagent both zinc and copper form a blue complex, that with zinc 
being stable over the pH range 8*5 to 9*5 while the complex with 
copper is stable over the wider range of 5*0 to 9*5. For the deter- 
mination of zinc and copper in a solution containing both these 
elements 10 mi of a Clark and Lubs buffer at pH 5-2 and 3 ml of 
a zincon solution are added to 10 ml of an approximately neutral 
solution, which should contain from 25 to 100 //g of zinc and 
copper altogether, and the mixture is then made up to a standard 
volume of 50 ml. The depth of the colour is then measured with 
a spectrophotometer at 600 m/e. This gives a value for the copper. 
The operation is repeated with another 10 ml of the solution but 
this time it is buffered .at pH 9-0 at w’’hio}i both the copper and 
zinc complexes are stable so that a value is obtained for copper 4- 
zinc. The value; for zinc. is thus obtained by difference. The 
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method was used by Bingham, Martin and Chastain { 1 958) for the 
estimation of these elements in GUrus leaves. 

Copper. The spectrographic determination of copper in plant 
material can be carried out by both the flame and arc methods. 
With the use of the Lundegardh flame method the sensitivity, 
according to the experience of Griggs, Johnstin and EHedge 
( 1941), is about half that found for manganese, these workers giv- 
ing the minimum concentration of copper usable as 0-000 025 m. 
As the minimum quantity of solution which can be employed in 
their arrangement is 2 ml this would give the lowest measurable 
amount of copper to be 3-16 /ig. The line used for the measure- 
ments is 3247-5 A (Lundegardh, 1929). 

It has already been mentioned (p. 31) that with the use of the 
arc Melvin and O’Connor (1941) have achieved the simultaneous 
determination of boron, manganese and copper. The copper line 
used for the determinations was 3248 A, and the beryllium line 
3130 A was used to provide the internal standard. Prom the 
analyses published by Melvin and O’Connor it would appear that 
the copper forming 0-001 per cent of a 10 mg sample of material 
can be measured, from which it would seem that quantities of 
copper of the order of 0-1 /<g can be estimated. As mentioned 
earlier V anselow and Bradford (1957) estimated that the smallest 
quantity of copper detectable by their direct method was 
0-015 /ig. Palladium and germanium provided their internal 
standards. 

For the spectrographic determination of copper in grasses 
Rusoff, Rogers and Gaddum (1937), employing the arc, used 
cadmium as internal standard. 

A procedure for the estimation of copper in plant materials by 
means of the polarograph has been described by Reed and 
Cummings (1941). The solution obtained by wet ashing of from 
0-5 to 2 g of plant material (see p. 30) is diluted to 15-20 ml, 
heated to boiling and then rendered alkaline by the addition of 
a slight excess of concentrated ammonium hydroxide. The 
solution is then boiled for a minute and filtered, the residue being 
washed with slightly ammoniacal water and the washings added 
to the filtrate. The latter is evaporated to dryness and the 
resulting residue d issolved in 10 ml of aground liquid consisting 
of 4-5 ml of 0-6m sodium hydroxide -f 4- 5 ml of 0-5 m citric 
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acid+ i mi of O-OS per cent of acid fiichsin. Thin liquid, when 
polarographed in absence of oxygen, given a w('ll-defined wave 
for copper. In this way, according to Reed and ( ‘ummings, con- 
centrations of copper down to about .'lx can i>e deter- 

mined, corresponding to about 2 p.p.m. of copper in the plant. 
Published data indicate that in normal plants the amount of 
copper is usually well above this value, but in plants showing 
symptoms of copper deficiency it may be lower than this. In 
such cases it would be necessary either to use larger quantities of 
plant material for the determination or to use a method other 
than a polarographic one. The procedure for the simultaneous 
determination of copper and zinc by means of the })olarogi'aph 
proposed by Menzei and Jackson has already been indicated. 

The absorptiometric method generally used for the determi- 
nation of copper in plant material depends on the intense colour 
produced by copper salts with diethyldithiocarbamate {Callan 
and Henderson, 1929), the coloured com])lex being extracted with 
amyl alcohol. Procedures particularly applicable to biological 
material have been described by Eisier, Rosdahl and Theorell 
(1936), by Eden and Green (1940), and by Piper (1942 a, h). 
In the procedure of the first group of w'orkers the dried material 
is heated on a sand-bath with sulphuric acid and j>erchloric acid 
until the mixture is colomrless or pale yellow. The resulting liquid 
is cooled under the tap and then rendered slightly alkaline to 
litmus by the addition of 8-9 per cent ammonium liydroxide. 
Iron is precipitated by treating the alkaline solution with a few 
ml of a 4 per cent solution of sodium pyrophosphate, then heating 
at 80 °C for 30 min and cooling to room temperature. If a crystal- 
line precipitate is present at this stage it must be dissolved by the 
addition of water. Now 2 ml of water and 5 ml of amyl alcohol 
are added and then immediately 0-5 ml of a 2 per cent solution of 
sodium diethyldithiocarbamate. 

The mixture is now strongly shaken and centrifuged. The amyl 
alcohol layer is sepewated and its light absorption in light of wave- 
length 4400 A measured. The depth of colour of the amyl alcohol 
layer is dependent not only on the concentration of copper, but 
also on the salt concentration of the aqueous phase from which 
the amyl alcohol layer is separated, the salt concentration de- 
pending on the amount of sulphuric acid used. Hence it is neces- 
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sary to use a comstant techaique in order to .obtain, reliable 
results. 

Eden and (keen also used a wet ashing method, the material, 
for example 5 ml of blood, 1-B g of fresh tissue or 1 g of dried 
material, being digested with a mixture of sulphuric and per- 
chloric acids to which nitric acid is added later. After dilution 
with w’ater tlie digest is treated with 2 ml of 50 per cent am- 
monium citrate and 5 ml of ammonia (sp. gr. 0*880). The am- 
monium citrate effects the deionization of the iron and prevents 
the precipitation of calcium phosphate. The solution is then made 
up to 25 ml with water. If the material is relatively low in 
calcium and phosphorus but high in iron it is preferable to use 
1 0 ml of 4 per cent hydrated sodium pyrophosphate instead of the 
ammonium citrate, as the resulting solution is colourless, where- 
as with citrate the solution is slightly coloured. 

Two ml of a recently filtered 0*5 per cent solution of sodium 
diethyldithiocarbamate are now added to the solution, kept 
constantly shaken, then 5 ml of amyl alcohol added, and the 
mixture vigorously shaken for 30 sec. The amyl alcohol extract, 
which contains the coloured copper diethyldithiocarbamate, is 
centrifuged or filtered through acid-extracted filter paper to 
remove any water in suspension and the depth of colour deter- 
mined with a colorimeter or absorptiometer by comparison with 
a standard solution of copper diethyldithiocarbamate prepared 
in the same way as that from the tissue digests. With adequate 
precautions it wmuM appear that quantities of copper as small as 
0^3 /ig are determinable by the procedure of Eden and Green. 

In the method as used by Piper a wet ashing process is also 
used, and after diluting the digest with water and treating it with 
ammonium citrate solution to dissolve any hydrolysed manga- 
nese and to prevent precipitation of phosphates, the resulting 
solution is brought to pH 3 and the copper extracted with dithi- 
zone in carbon tetraohloride. The carbon tetrachloride is then 
removed by evaporation and the dithizone by heating with a little 
sulphuric acid containing a drop or two of perchloric acid. After 
dilution with water and rendering the solution alkaline with 
ammonium hydroxide, the copper is precipitated by the addition 
of a few drops of a 3 per cent aqueous solution of sodium diethyl- 
dithiocarbamate. The copper diethyldithiocarbamate is then 
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extracted with amyl alcohol and the intensity of eoiour of the 
extract compared with that of a standard. For fiiil details of the 
experimental procedure i^ferenee should be made to Vi per's book. 

The procedure invohdng the formation of a coloured complex 
of copper with zincon h^ already becui dcseril)ecl ffu 41)). 

It has been ineiitioned earlier that in the bioassay of copper 
with the use of Aspergillm niger as test organism, an estimate of 
the amount of copper, could be made from the colour of the 
spores. The relation' between the copper concentration of the 
medium and, spore colour observed by Xicholas and Fielding 
(.1950) is indicated in Table '6. 

T 6. ^ Effect of copper tommimimi in the medium on the 
colour of the spores of Aspergillus niger. 

{From Xicho.la^ and Fielding) 

Copper 
concentration 
as fig in 40 ml 
of medinm 
0 

0*25 
0-5 

■ 0*75 

no 

■ 2*5 
5-0 


Colour o.r spoiw 
Ko 

' Clrango-yollow 
Lighi brown 
' CreyiBh brown 
Dark brown 

Blmvk 


Boron. As regards the determination of boron by means of 
the spectrograph, the usual flame method is useless. Even with 
a O'lM solution of boric acid no boron line was obtained by 
Lundeg&rdh in a flame spectrum. Boron in plant material has, 
however, been determined by means of the spark method by 
Foster and Horton (1937). The plant material was used fresh, 
being neither dried nor ashed, hut crushed and disintegi’ated into 
a fine pulp in a small copper mortar. The samples used consisted 
of 100 mg of fresh material. Measurements were made on the 
boron line 2497-7 A, and the gold line 2427-9 A W'as used as 
internal standard. Six replicate determinations of the boron in 
turnip leaves gave values varying from 3-7 to 4-3 /ig of boron per g 
offresh tissue, with an average value of 4-1 //g. Foster and Horton 
concluded that the error of a single determination wms not in 
excess of 1 0 per cent. The limit of sensitivity of the method was not 
clearly stated, but it would seem probable that quantities of 
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boron as small as 0-1 fig might be measurable in this way. 
Lundegardh (1929) suggested the use of the cadmium line 
2573 A as internal standard in the determination of boron 
by the spark method. 

As mentioned earlier (see p. 31), Melvin and O’Connor (1941) 
have used the arc method for the simultaneous determination of 
boron, manganese and copper in fertilizers, using beryllium as 
internal standard. The method would seem to be applicable to the 
determination of boron in plant material, and the accuracy and 
sensitivity -would appear to be of the same order as in the spark 
method of Foster and Horton. 

Although the flame method is not suitable for the spectro- 
graphic determination of boron, McHargue and Calfee (1932) 
have successfully made use of flame spectra for the optical 
spectroscopic determination of boron. In their earlier procedure 
the boron was first converted into methyl borate, then volatilized 
with methyl alcohol and burnt in an atmosphere of oxygen in 
front of a cell containing a solution of potassium permanganate. 
The concentration of this solution was adjusted so that the bright 
lines of the boron spectrum were just obscured by it. By pre-dous 
standardization of solutions of potassimn permanganate against 
standard boron solutions the concentration of the experimental 
boron solution w^as obtained. 

Later (Calfee and McHargue, 1937) a different procedure was 
devised. The spectrum was excited in an oxygen-methane flame, 
methane saturated with a solution of methyl borate in methyl 
alcohol being ignited in an oxygen blast. The light emitted from 
tliis was polarized and by an optical arrangement the spectrum 
was brought into juxtaposition with a second spectrum similarly 
produced by the burning of a standard boron solution. By rota- 
tion of an analysing plate the intensity of the spectrum of the 
standard boron solution could be varied, and so matched -with 
that of the solution the boron concentration of which it was 
desired to measure. For a quantitative determination in this way 
the boron content of a sample should Me between 25 and 50 /ig. 
Agreement between the two procedures was good, but the second 
method was found to be more exact. 

So far it has not been found possible to estimate boron 
polarographioaHy. 
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Acolorimetricmethod for thedetennhiatimi orsinail quantities 
of boron which has been applied to the csfimntion of l>oroii in 
plant material depends on the colour change of quinalizarin 
effected by boric acid (see, for example, Smith, T(» I ml of 

solution containing from 1 to 40 jtig of boric acid 0 ml of concen- 
trated sulphuric acid are added followed by ito ml of a O-Ol jjer 
cent solution of quinalizarin in fiS per cent sulphuric acid. A 
colour change from reddish violet to blue results, the complete 
process taking about 5 min. Nitrate, dichromatt* and fluoride 
must not be present, but the common metals do not interfere 
with the reaction. (See also Berger and Truog, lUhiK 1S)44). 

"WTiile this method appeara to be quite satisfactory for the 
estimation of boron in plant material, the necessity of using con- 
centrated sulphuric acid is something of a drawback. Another 
colorimetric method for the determination of small quantities of 
boron, which does not involve the use of this reagent, was 
described by Naftel ( 1930). This method depends on the colour 
produced when a solution of boric acid is ti-cated with oxalic acid 
and either curcumin or an extract of turmeric and the mixture 
evaporated to dryness. According to the procedure recom- 
mended by Naftel, the soil or plant-ash extract containing from 
0-5 to 8 fig of boron is first rendered alkaline by the addition of 
5 ml or more of 0- 1 s calcium hydroxide aiid then evaporated to 
dryness on a water-bath. After cooling there arc added to the 
residue 1 ml of a freshly prepared solution of oxalic and hydro- 
chloric acids (made by adding 80 ml of a saturated solution of 
oxalic acid to 20 ml of concentrated hydrochloric acid) and 2 ml 
of a 0-1 per cent solution of curcumin or a 1 per cent freshly 
prepared extract of turmeric in 95 per cent ethyl alcohol. The 
mixture is evaporated to drjmess on a water-bath at 56 ‘“C, heated 
for a further 30 min at this temperature and then cooled, ex- 
tracted with 96 per cent ethyl alcohol and the colour of the clear 
solution obtained after filtering or centrifuging compared with 
that of standard solutions prepared in the same manner. 
Quantities of boron down to 0-5 /jg can be determined by this 
method. In soils other elements present do not appear to inter- 
fere with the estimation of boron, but if large quantities of other 
substances present are found to interfere with the determination 
of boron, the latter may first be separated by volatilization with 
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methyl alcohol. ' A procedure inToMng this .method has been: 
described more recently by Bible, Truog and Berger (1954). ■ 

A method described by Hatcher and Wilcox ( 1950) depends on 
the colour change produced in a solution of carmine in sulphuric 
acid by the presence of boron, a .stable purple or blue resulting. 
The solution to be analysed should contain not more than 20 /eg 
of boron and should be diluted or concentrated if necessary in 
order to bring the boron concentration within the desired range. 
The depth of the colour resulting is measured by a spectro- 
photometer at 585 m/e. 

An electrometric titration method has been specially devised 
by Wilcox ( 1 940) for the determination of boron in plant material. 
A quantity of the dried and powdered plant material (say, from 

5 to 25 g) containing not more than 2 mg of boron is mixed with 
one-tenth of its weight of calcium oxide and ignited in a furnace 
at a low red heat. The resulting ash after cooling is moistened with 
water and taken up in 15-20 ml of 6 x hydrochloric acid and then 
heated on a steam-bath for 30 min. Phosphate is removed from 
the resulting solution by the addition of n lead nitrate solution to 
the extent of 1 mi for each gram of plant material used, followed 
by sodium bicarbonate until a precipitate is produced, when the 
mixture is heated on a steam-bath and more sodium bicarbonate 
added until the solution is neutral to brom-thymol-blue (about 
pH 7). The mixture is then made up to 250 ml and filtered through 
a dry filter paper. Carbon dioxide is removed by acidifying with 

6 N hydrochloric acid and heating to boiling, then making 
alkaline with 0*5x sodium hydroxide and reacidifying with 2 n 
hydrochloric acid until 5-10 drops in excess have been added. 
On making up to 300 ml the solution is boiled for a few minutes. 
It is then ready for electrometric titration. For this the quin- 
hydrone electrode may be used in conjunction with a 0-7 k 
calomel electrode, these giving a null point at approximately 
pH 7. The electrodes having been introduced into the solution, 
0* 6 H sodium hydroxide is added until the solution is neutral to 
brom-thymol-blue, when the galvanometer should register ap- 
proximately zero ; if it does not the null point is obtained by the 
addition to the solution of either 0*0231 n sodium hydroxide or 
hy drochloric acid. Five grams of mannitol are then added, and if 
boric acid is present a galvanometer deflexion results. Standard 
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0-02S1,n sodiiiiB hydro-xideis then, ailclecJ iiiiti! the iiiiil point is 
again reached. The volume of sodium liydrcixiclc^ gives a measure 
of the amount of boron present j I ml sodiiiiii hydroxide 

being equivalent to 0*25 mg boron. This mcdlinci is elairiieci by 
Wilcox to be speoiaily suitable for determination of boron in 
tissues where this element is present in c|iiaiitity less than 
50p.pju. 

Molybdeimm* In determining inolybdeninii spc^et rt)grapliic- 
cally by means of the arc Vanselow and liradforch using the lines 
S1S2-6 A, S170-3 A and B208 A with gerinaniuin and palladiiini 
providing internal sta,ndards reported the limit of detectability 
as 0*06 fig. 

With the use of the coloriBieter or absorptiometer molybdenum 
in plant material has generally been estimated as molybdenum 
thiocyanate by the method described b}^ Marmoy A 

50 ml sample of the hydroeliloi’ic acid solution of the ash con- 
taining not more than 20 /ig of molybdenum and having an acid 
concentration of 14 per cent by volume is treated first with 3 ml 
' of potassium thiocyanate and then with 3 ml of si annous chloride. 
The molybdenum tliiocyanate produced ia then extracted wuth 
ether, the extractioiie being repeated until the ether layer is 
colourless, and the depth of colour of tlie combined ether extract 
is compared with that of a standard solution in eil.ic*r of molyb- 
denum thiocyanate. prepared from ammonium molybdate in the 
same way as that from the ash. A modiiicatioii of the method in 
which ammonium thiocyanate i.s used has been described and 
employed by Purvis and Peterson (1956) for the estimation of 
molybdenum in soils and plant material. Concentrations of 
molybdenum in lucerne ranging from 0*23 to 1*93 p.p.m. were 
determined in this way. 

Another colorimetric method for determining small quantities 
of molybdenum was described by Yoe and W^ill (1952). This 
depended on the fact. that a substance disodium- 1,2-dihydroxy- 
'. 3,5-.b6n2enedisulphate, conveniently designated as tiron, gives 
a bright yellow colour with molybdenum ions. It was claimed 
that under suitable conditions, molybdenum could be measured 
down to a concentration of 0*1 p.p.m. 

. .-...As mentioned, earlier, ^ the method of bioassay has been found 
: particularly useful for the determination of molybdenum. Details 
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of tliis method and examples of its use have been published bj 
Mulder i 11148), Nicholas and Fielding (1950), and HeTOtt and 
HallaB (1951). The last-named -workers claimed that in this way 
it was possible consistently to detect 0*000 15/fg of m-olybdennm 
and by interpolation to estimate molybdenum to the nearest 
0*00005 /ig. 

Aliiminiiiim » Aluminium is present in quantity in many soils 
and is generally present in plants, but so far its essentiality has 
been indicated for only a few species. Perhaps for this reason not 
so much attention has been given to the determination of 
aluminium in plant material during recent years as to the better 
established micro-nutrients. 

For the measurement of small quantities of aluminium, such 
as might be expected in samples of plant material, direct measure- 
ment of the intensity of the aluminium line in the air-acetylene 
flame spectrum is not suitable, for Lundegardh (1929) found that 
no line was obtained with even a 0*1m solution of aluminium 
chloride. Mitchell and Robertson (1936) have, however, described 
a means by which aluminium in concentrations ranging from 
about 2 to 10 mg per litre can be determined by the Lundegardh 
method. It depends on the fact that the presence of aluminium 
brings about a lessening of the intensity of the calcium and 
strontium lines of the flame spectrum, the decrease in intensity 
varying with the amount of aluminium present and also with the 
relative amounts of calcium and strontium present. Hence with 
careful control of the conditions the depression in the intensity 
of these lines can be used to determine the aluminium content of 
solutions of the concentrations indicated above. Using 15 ml of 
solution for a determination, this means that quantities down to 
30 /ig of aluminium can be measured in this way. 

With the spark the best aluminium line for measurement is, 
according to Lundegardh (1934), 3961*5 A, but if the sample 
under examination has a high calcium content, which may fre- 
quently be so with plant material, the calcium line 3968*5 A may 
interfere with the aluminium line. 

Aluminium may be determined polarographically with the use 
of lithium chloride, barium cHoride or magnesium chloride as 
supporting electrolyte, but, owing to the fact that the aluminium 
wave occurs at a rather high negative potential as well as to 
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difficulties resulting from the presenceof phosphates, it is unlikely 
that the polarograph will afford a simple means for the determi- 
nation of aluminium in plant material. 

Two colorimetric methods, suitable for use with the ahsorptio- 
meter, depend on the formation of lakes, fairly stable in the 
presence of acetic acid, when alizarin and the ammonium salt of 
aurin tricarboxylic acid, respectively, are added to a solution of 
an aluminium salt. Both appear to be ada])table to the determi- 
nation of aluminium in plant tissues. The first method appears to 
have been described first by Atack (1915). The modification of it 
described by Underhill and Peterman (1929) was used in my 
laboratory on fairly pure solutions with marked success. The 
second method was described by Hammett and lottery (1926) 
and was adapted for the determination of aluminium in animal 
tissues by Myers, Mull and Morrison (1928). Amounts of 
aluminium of the order of 6/tg can be measured by both 
methods. 

A colorimetric method depending on the use of eriochrome 
cyanine R has been applied by Jones and Thurman ( 1957) to the 
estimation of aluminium in soil and plant materials. For this 
are required an iron-compensating solution, a solution of sodium 
thioglycollate as well as a solution of the eriochrome cyanine R. 
The iron-compensating solution is prepared by dissolving 
0’7022 g of ferrous ammonium sulphate in about 100 ml of dis- 
tilled water and 6 ml of concentrated sulphuric acid contained in a 
silica basin, and the ferrous iron is then oxidized to ferric iron by 
the addition of 5 ml of concentrated nitric acid. After warming 
the solution to remove oxides of nitrogen the liquid is cooled and 
made up to 1 litre. The sodium thioglycollate solution is prepared 
by dissolving 2-6 g of this substance in 200 ml of water, adding 
125 ml of 95 per cent ethanol and making the solution up to 
500 ml. The eriochrome cyanine R solution is obtained by dis- 
solving O’ 76 g of the substance in about 200 ml of distilled water, 
adding 26 g each of sodium chloride and ammonium nitrate and 
then 2 ml of concentrated nitric acid. The solution is then made 
up to I litre. 

For the determination of aluminium, to 5 or 10 ml of a solution 
prepared from soil or plant material there are added 2 ml of the 
iron-compensating solution, 10 ml of the sodium thioglycollate 
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solution and 5 ml of the eriochrome cyanine R solution. The 
solution is thoroughly mixed and brought to pH 6 by the addition 
of 10 ml of ammonium acetate buffer. After 18 min the absorp- 
tion is measured at 535 m/t with a spectrophotometer and the 
concentration of the aluminium determined by reference to a 
calibration curve obtained by the use of standard aluminium 
solutions. The maximum intensity of the colour developed 
is reached in 10 min after bringing the aluminium solution 
and the eriochrome cyanine R together and remains so for 
another 30 min. It is claimed that the method is accurate to 
0-5 /tg. 

Cobalt and nickel . Although evidence has occasionally been 
adduced to indicate that small quantities of cobalt and nickel 
may bring about an increase in the rate of growth of plants, there 
has up to now been no definite proof that either of these elements 
is essential for the growth of any higher plant. There is, how- 
ever, very definite evidence that cobalt is essential for sheep and 
cattle, and as the deficiency of this element in the animal must 
arise from the low content of cobalt in the plants on which the 
animal feeds, the determination of small quantities of cobalt, at 
any rate, in plants may be necessary for investigations on cobalt 
deficiency in animals. There does not seem so far to be any very 
definite indication that nickel is essential either for any plant or 
any animal, but since the determination of nickel can be made in 
the same way as that of cobalt it is as convenient to consider the 
two elements as cobalt only. 

Although these elements can be determined spectrographio- 
ally, the flame method scarcely has sufficient sensitivity for their 
ready estimation in plant material, for it would appear from 
Lundegardh’s data that the smallest amoimt of either metal 
measurable in this way is of the order of 100 /ig, which means 
that decidedly large samples of material would generally have 
to be used. 

For the semi-quantitative determination of cobalt in soils 
Mitchell (1940) recommended the use of the cathode layer arc by 
means of which 2 p.p.m. of cobalt and 1 p.p.m. of nickel can 
be detected. The spectral lines used for the determination of 
these two elements are 3463-5 and 3414-8 A respectively. For 
quantitative work an excellent internal standard, particularly 
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for cobalt, is provided by the iron line 3451 ■!) A (Scott, 1945, 
1946). 

Cobalt and nickel can be readily determined simultaneously 
with the polarograph by the procedure described by Lingane and 
Kerlinger (1941), the e^ntial feature of which is the use of 
pyridine as supporting electrolyte. Using a normal solution of 
potassium chloride containing from 0-05 M to M pyridine and 
0-05 per cent gelatin the waves of nickel and cobalt are well 
separated and defined, while manganese does not interfere with 
them. Ferric iron, if present in large excess, interferes with the 
determination of nickel and cobalt, but its effect can be elimi- 
nated by the use of a supporting electrolyte with pH of about 
6-4 containing equal concentrations of pyridine and pyridium 
chloride in w'hich the ferric iron is precipitated as hydrous ferric 
oxide. Small amounts of copper do not interfere with the deter- 
mination of nickel and cobalt, but if present in considerable 
excess the bulk of it must be removed before polarographing for 
nickel and cobalt. The author is not aware of the polarographic 
method having been used for the determination of nickel or 
cobalt in plant material, and Piper (19426) points out that the 
nearness of the deposition potential of zinc to that of cobalt, and 
the small amotxnt of the latter relative to that of zinc usually 
present in plant material, renders the polarographic determi- 
nations of cobalt in plant ash uncertain. 

The estimation of cobalt in plant material and in soil is usually 
effected by colorimetric or absorptiometric means depending on 
the intense coloration produced by cobalt compounds on treat- 
ment with the sodium salt of l-nitroso-2-naphthol-3:6-disul- 
phonic acid, generally known as nitroso-i2-saIt. Procedures have 
been described by Eddson, Askew and Dixon (1936) and by 
Davidson and Mitchell (1940) for the determination of cobalt in 
soils in this way, by McNaught (1938), Eddson and Askew (1940) 
and Marston and Dewey (1940) for the similar estimation of this 
element in plant material, and by Fujimoto and Sherman (1950) 
for the estimation of cobalt in both soils and plant material. It 
would appear that quantities of cobalt down to about 0-5 jig are 
determinable in this way. 
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3. The DiAaNOSis OF Minbbaii 
Deficiencies OF Plants 

It is obYioiis that a ready means of diagnosing deficiencies of the 
various mineral constituents of plants is likely to have great 
economic value, particularly where crop plants are concerned. 
Where the deficiency of a particular element is great the plant 
generally displays symptoms which are readily recognizable by 
an observer with experience of the eiffects on the species in 
question of deficiency in that element. These symptoms are often ^ - 
so definite that the resulting condition has a descriptive name, 
and a number of well-defined deficiency diseases of crop plants are 
known to agriculturists and horticulturists ; the most important 
of these are described in a later chapter.* But by the time un- 
mistakable symptoms of deficiency have shown themselves it 
may be late, and perhaps too late, to effect a cure of the condition 
by the application of the deficient mineral; this is likely to be so 
with annuals such as cereals and leguminous crop plants with a 
short life period rather than with perennials such as fruit and 
other trees, w^here the longer life of theplant may provide adequate 
time for recovery. But even for the latter early diagnosis is 
obviously desirable in order to avoid a period of feeble growth or 
poor fruit yield. Also it may be possible that the deficiency of a 
particular element is insufficient for actual symptoms of a 
deficiency disease to develop and yet sufficient to bring about a 
reduction in the rate of growth and finally in crop yield. 

A second way of determining micro-nutrient deficiency is pro- 
vided by analysis of plant material by the methods described 
earlier in this chapter. This might provide very definite evidence 
of the adequacy or otherwise of the quantity of the various 
nutrients in the plant, although it would be necessary first to 
establish the minimum quantities of the respective mineral 
elements which must be expected in the different organs of the 
plants of each species at different stages of development. While 

^ See particularly Wallace (1943, 1944) for diagnoses and coloured 
illustrations of crop plants of Britain affected by deficiency diseases, and 
Hunger Signs in Crops by a number of authors (Washin^on, 1941) for 
an account, with coloured illustrations, of deficiency diseases of crop 
plants in the United States.. 
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a certain amount of snoh iiiforraation m availalile it must !)e 
admitted that it is far from complete for any one si)ecieB. The 
acquisition of the requisite data takes time, Init there* can be no 
doubt that the necessary infomiatioii will iiltiinatel}' be Ci1)taiiied» 

A third method of diagnosing mineral defieieiicies, and one 
which should enable this to be made early, consists in introdueiiig 
a solution of the salt of the element in question, or even the solid 
salt, into the plant and observing the react iom The iiitroduotioii 
of the salt into the plant is generally spoken of as ‘ injection The 
generally accepted meaning of this word is the forcing of material 
into the organism under pressure, whereas in practice the j.)laiit is 
generally allowed to absorb the solution through a cut surface, or 
even through an intact leaf, without the application of pressure. 
However, there is no other simple term to denote this process, and 
we may follow^ . Roach, who has developed this method for 
diagnosis of trace-element deficiencies, in extending the use of 
the term 'injection® to include ‘the introduction by various 
methods of liquids and solutions into plant organs, whether under 
pressure or not, and their spread therein 

In a long discussion on injection of |)lants as a pliyaiologicai 
method, Roach (1930) described no less than ten w^ays in W'hich 
injection can be carried out; each of these has its own particular 
value. The ten injection methods are these : 

,1. Iiitervenal loaf injection. 

2. Leaf4ip injection. 

S. Leaf immersion (Anderssen). 

4.. Leaf-stalk injection. 

5. Shoot-tip injection. 

6. Branch-tip mjection. 

7. Shoot injection (Leach) and branch mjection {Collison, Harlan and 
Sweeney). 

8. Injection of individual branches. 

9. Injection of individual branches together with their roots. 

10. Injection of whole trees. 

Not all these methods of introducing material into plants have 
been designed for the purpose of diagnosing mineral deficiencies, 
nor are all of them equally.valuable for this purpose, although any 
one of them could no doubt serve to demonstrate the existence 
of such deficiency. But on^ the whole the methods in which leaves 
or young shoots are injected are those which are most useful for 
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diagnostic purposes, while those in which larger branches or a 
whole tree are used are more generally nseftil for some other' 
purpose, as, for example, the cure of a deficiency. 

The principle xinderiying injection methods of ^diagnosisis that 
the iiitrodnetion into a leaf of a salt of an element in which the 
plant is deficient will produce a definite response which is in the 
direction of a cure of the deficiency. The most usual response is a 
colour change in the leaf which generally becomes greener ; some- 
times increased rate of growth of a leaf occurs. These responses 
are best observed when leaf areas permeated by the nutrient are 
ill close juxtaposition to control, non-permeated, areas; a dif- 
ference in colour between permeated and control areas is then 
most easily recognizable, while if one simple leaf or leaflet con- 
tains both permeated and control areas a difference in the rate of 
growth of the two parts of the leaf will result in a puckering of the 
leaf which is readily observed.'*' 

These conditions are fulfilled when leaves of certain species, as, 
for example, apple, pear, plum, strawberry and broad bean, are 
subjected to intervenal injection. For this treatment a small 
incision is made near the midrib of the leaf between two major 
secondary veins. A dilute solution of the salt of the element of 
which a deficiency is suspected is contained in a small tube, and 
a wick made of filter paper, or, for small leaves, of darning cotton, 
passes from the solution through the incision into the leaf. By 
the use of dyes it is shown that the solute diffuses through the 
whole area between the two secondary veins and the leaf margin 
before diffusing into neighbouring intervenal areas. The length 
of time for which in j ection is allowed to proceed should be such as 
to give a long boundary between the injected and neighbouring 
control area, but not so long that the solute diffuses into neigh- 
bouring areas. The best time must be found by preliminary trials, 
for it varies with the species and climatic conditions. However, 
for apple, pear, strawberry and Shasta daisy, Eoach suggested a 
period of from 7 to 12 h. The leaves which give the best response 
are those about half-grown. The maximum response is generally 

* It should, perhaps, be pointed out that these responses should only 
be regarded as indicative of deficiencies when they have been correlated 
with successful curative treatment, since an improved appearance of the 
leaf might result from injection without there being a deficiency. 
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given in about 10 days, but a response has been observed in as 
short a time as 2 days. This was recorded by Roach ns having been 
observ'ed by Lai as a result of intervenal injection of soya-bean 
leaves with a 0-025 per rent solution of ferrous sulphate. 

In leaf-iip injection the tip of a leaf or leaflet is cut off at right 
angles to the midrib and the cut edge of the leaf ininiersed in a 
solution of the substance to be inject/cd, 'i'hia inetiiod can be used 
for any type of leaf but is particularly suitable for long, narrow- 
leaves. The greater the proportion of the leaf removed, tlie greater 
is the penetration of the solute into the rest of the leaf. For 
examjjle, it was found that if the removed 1 ip contained one-tenth 
of the midrib, half the rest of the leaf was permeated, but if moi-e 
than one-fifth of the midrib was contained in the part removed, 
the whole of the remainder of the leaf and pai-ts of neighbouring 
ones became permeated. This should be avoided since neigh- 
bouring leaves can serve as a control. With compound leaves, 
such as those of the straw-berry% injection can be so contrived 
that one leaflet becomes permeated and another unaffected, 
wlule the third is partially permeated. Roach found tiiat with 
leaves of apple and pear injection should proceed for about 10 h; 
a response is apparent in from 7 to It) days. 

With leafstalk injection the w'hole, itistead of part only, of the 
lamina is removed, and the leaf stalk left atf ached to the plant is 
connected with narrow rubber tubing (such as tyre valve tubing) 
to a reservoir of the solution . As a result certain leaves of the plant 
become completely permeated, others })artially and yet others not 
at all; the greater the angular distance of any leaf from the 
injected stalk the less the permeation. In partiallj- permeated 
leaves the permeated and non-permeated areas are, at any rate 
in the case of apple, sharply delimited, and such lea\-es are con- 
sidered by Roach to he almost ideal for showing differences in 
colour and rate of growth of affected and control areas. The 
method would appear to be applicable to a wide range of species. 

For shoot-tip injection the tip of a shoot is removed and either 
a small glass tube of solution is attached to the cut end of the 
shoot with fine rubber tubing if the shoot is rigid enough to 
support it, or the cut end of the shoot is bent over into a reservoir 
of the solution. As a result one or more of the leaves on the shoot 
become permeated. 
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The remaining methods of injection listed by Roach are of less 
interest from the point of view of their value for diagnostic ptir- 
poseSj but reference may be made to the methods used" by 
Aridersseii and by Storey and Leach, since these were both devised 
in connexion with work on mineral deficiency of plants. Anders- 
sen’s method consisted in bending over the leaf and immersing 
it ill a weak solution of copper sulphate containing 0-3 p.p.m. of 
copper. By this treatment cUorotic leaves of plum recovered 
their normal green colour in 2 weeks, a result which afforded 
confirmatory evidence that the pathological condition of the 
trees bearing the leaves was due to a deficiency of copper. 
Anderssen’s work is referred to in more detail in the next chapter. 

Storey and Leach (1933) were interested in a disease of the tea 
plant known as ® yellows which, as the name implies, involves a 
chlorosis of the leaves. They traced this to a deficiency of sulphur. 
Among other pieces of evidence which led them to this conclusion 
was the effect of introducing various salts into plants growing in 
the field. The injection of any particular salt was effected by 
cutting a small side shoot under water and immersing the cut end 
of the shoot in a solution of the salt. The quantity of solution was 
maintained by daily additions, and every fourth day the im- 
mersed shoots were cut farther back to give a fresh absorbing 
surface of unchoked wood. It was found that when a 0- 5 per cent 
solution of sodium sulphate, potassium sulphate or magnesium 
sulphate was used the normal green colour was regained by the 
leaves on the branch beyond the cut shoot, but that no such 
recovery resulted when other salts, such as chloride or nitrate, of 
these metals were used. 


CHAPTER III 


TRACE-ELEM.ENT DEFlCfEXCY 
DISIASIS ()F PLANTS 

III chapter i it was noted that many species have been shown to 
be dependent for growth on one or other of the niicro-iintrients, 
or at least have benefited, by treatment with a oiicro-niitrieiit. 
It has been established that certain well-recognized pathological 
conditions met with in the field are associated with deficieiicy of 
a micro-iintrient, and some of these are so widespread or of such 
economic importance that they are designated by common 
names. Sncii* for example, are the grey speck disease of oats, and 
heart-rot of sugar beet. In this country diseases due to a defi- 
ciency of manganese and boron are both widespread and of 
economic importance; elsewhere shortages of zinc and copper 
have been shown to be responsible for diseases causing consider- 
able damage to fruit crops. Well-defined diseases attributable 
to lack of molybdenum have also been recognized. 

The more i,mporta.nt of the de,fic.i6n,oy diseases attributable to 
shortage of trace elements are described in th,.is chapter. 


1. DlSlAB®S'ATT.BIBlCJTABIil TO A 
D 1 FICII 5 .HCV Of MaH0AK,»3S1 

The most general effect of manganese deficiency appears to be 
in the first place the development of small chlorotic patches 
localized in intervenal areas of the leaves. The form these patches 
take in different species is no doubt largely dependent on the 
anatomy of the leaf, so that in grasses with their parallel venation 
they tend to take an elongated form, pi'oducing 'stripes’ or 
' streaks while in reticulate-veined dicotyledons they produce a 
spotted, speckled or mottled effect, as in potatoes and sugar beet. 
Other symptoms may follow, including reduction or cessation of 
growth and the development of necrotic areas which may not be 
limited to the affected regions of the leaf, but which may even 
affect the seeds, m in- the case of the garden pea. 
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Grey speck of oats . The disease of oats most usually known 
as grey speck, but also sometimes called grey stripe, grey spot, or 
dry spot, is characterized by the appearance in the leaves of spots 
of a greyish colour, small chlorotic areas, chiefly in the lower half 
of the leaf, which tend to coalesce and form elongated streaks 
which finally turn brown. The first sign of the disease often occurs 
in young plants in the third or fourth leaf. Very characteristically 
a line of withering and weakness develops transversely across the 
leaf blade so that the distal portion of the leaf hangs down (see 
Plate 1 A and b). In the young leaves this line of weakness is often 
about 1 or 2 in. from the base of the leaf lamina, but correspon- 
dingly higher up in older and longer leaves. The leaves may 
eventually turn completely brown and die. Colour photographs 
of oats badly affected by grey speck are given by Wallace (1943, 
p. 96, PI. 77; 1944, p. 37, PI. 188). 

Badly affected plants may be stunted and die early ; in less 
severe cases flow'ers may be produced but little grain is formed. 
Root development tends to be poor, so that affected plants are 
much more readily pulled out of the soil than healthy ones. 

Grey speck appears to be widely distributed. It occurs in 
different parts of Europe, including Britain, and in America and 
Australia. It appears to be most liable to occur on certain soils 
with an alkaline reaction, especially if they contain much humus, 
and in such conditions the disease may be so serious as to lead to 
the complete failure of the crop. 

It has been recognized for many years that grey speck disease 
could be controlled by treatment with a soluble manganese salt, 
either as a soil dressing or by spraying the foliage, but the proof 
that grey speck was actually related to manganese deficiency was 
provided by Samuel and Piper (1928, 1929). They grew Algerian 
oats in carefully controlled water cultures, using carefully 
purified materials, and with various amounts of manganese 
sulphate added to the culture solutions containing the usual 
major nutrients. The initial concentrations of manganese in the 
different cultures were 0, 1 in 50 x 10®, 1 in 10 x 10®, 1 in 5 x 10® 
and 1 in 1 X 10®. Cultures grown in solutions free from manga- 
nese developed the symptoms of grey speck in about 4 weeks, 
and this occurred whether the solutions also contained some 
other trace element such as boron, zinc, cobalt, copper, etc., or 
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not. With culture solutions containing 1 part of manganese in 
50 X 10®, the symptoms developed suddenly in about 8 weeks. 
On renewing the culture solution, including the manganese 
supply, new healthy growth took place, but the symptoms of 
deficiency again appeared after about 4 weeks. Recovery again 
took place after a second renewal of the solution. With culture 
solutions containing 1 part or more of manganese in 10 x 10® no 
symptoms of grey speck appeared, the solutions being renewed 
after 10 weeks. 

Reference has been made above to the fact that grey speck 
tends to occur on plants growing on alkaline soils containing much 
humus. This has led to suggestions that the disease might be 
associated with excess of calcium ion.s or with certain organic 
compounds in the soil. Water-culture experiments carried out by 
Samuel and Piper to test these possibilities yielded no support 
for such views. Culture solutions containing calcium ions in 
various degrees of excess, or various organic substances (humus, 
sucrose, glucose, starch, cellulose), in no case induced symptoms 
of manganese deficiency in oats growing in them provided 
manganese sulphate had been added to the solutions. 

That grey speck disease is the direct effect of manganese 
deficiency was disputed by Gerretsen (1937). He pointed out 
that Lundegardh (1932) had recorded that the. manganese con- 
tent of affected plants might be higher than that of healthy ones ; 
indeed, he gave values up to 420 p.p.m. of manganese in affected 
plants and down to 1 p.p.m. in healthy plants. This is certainly 
contrary to general experience, and Samuel and Piper found that 
about 14 p.p.m. was the minimum amount of manganese likely 
to be present in healthy Algerian oats at the flow'ering stage. 

Gerretsen stated that when a soil which had borne a crop 
showing symptoms of grey speck was sterilize with formalin, oat 
plants subsequently grown on it were free from grey speck, 
although the manganese content was the same as before and there 
had been no increase in either water-soluble or exchangeable 
manganese. On re-infecting such sterilized soil with 10 per cent 
of the original soil grey speck again appeared in oats grown on 
it and the dry weight of the plants was reduced to 59 per cent 
of that of plants grown on the sterilized soil, while the man- 
ganese content of the affected plants was reduced from 61-5 to 
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19*3p.p.iB. Some very striking results were given by sand- 
culture experiments. Plants were grown in sterile sand and^ in 
the same sand infected with 5 per cent of so-called ^diseased.’ 
soil. The plants in the sterile sand were all healthy, had a mean 
dry weight of 436 mg and a manganese content of 15»0 p.p.m., 
whereas those in the infected sand all showed typical symptoms 
of grey speck, a mean dry weight of only 216 mg, but a manga- 
nese content of 26-6 p.p.m. 

Oats grown in sterile water-culture solutions containing very 
small quantities of manganese showed no symptoms of grey 
speck, although the plants were stunted and might contain less 
than 10 p.p.m. of manganese. But when the solutions were inocu- 
lated with a root tip from an affected plant or with bacteria 
isolated from affected roots, the symptoms of grey speck devel- 
oped strongly. Again, the addition of 0-001-0-002 per cent of 
Germisan, a germicide, to the culture solution of non-sterile 
plants kept the plants healthy even when the manganese con- 
tent was low, whereas without the addition of the Germisan the 
plants were badly affected. 

These facts were held to indicate that grey speck is related to 
the presence of micro-organisms. According to Gerretsen the 
roots of affected plants always show signs of microbiological 
disintegration. It was suggested that alkaline products are pro- 
duced in the roots by the infecting micro-organisms and that 
these products are carried in the transpiration stream to the 
leaves, where they produce the grey spots. 

Gerretsen therefore concluded that it is necessary to distin- 
guish between the direct physiological effect of manganese 
deficiency which is a retardation of growth, and the symptoms 
of grey speck disease which are related to the infection of the roots 
by micro-organisms. The capacity of the root to resist parasitic 
attack by micro-organisms was indeed held to depend on the 
manganese content, but if the roots were maintained sterile 
healthy plants were produced in presence of a very small supply 
of manganese so that the manganese in the plant was only 
from 5 to 35 p.p.m.' 

It must be ad'mitted that Gerretsen has made a strong ease for 
the view that grey speck disease is not the result of manganese 
deficiency only . The problem is clearly deserving of further study . 
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In wheat Gallagher and Wakh (1943) obsc^rved ihal the first 
sign of mangane^ deficiency usually apjM'ar.'; with the develop- 
ment of the third or fourth leaf- Frequently there ie a general 
similarity with ^y speck of oata, hut the traii.s^i'rse line of 
withering tends to occur nearer the tip of the leaf thuti in oats, 
later extending to the lower regions of the leaf. The withering may 
develop as in oats by the coalescence of small grey elongat ed areas 
or it may begin at the leaf margin. .As soon asthe line of withering 
reaches right across the leaf the upper part of the leaf soon loses 
its green colour. Sometimes, instead of the development of the 
line of withering across the leaf as in oats, small grey oblong areas 
appear scattered parallel with the veins. The whole plant 
becomes chlorotic and the leaves wither, beginning at the tip. 

In barley Gallagher and Walsh recorded the first symptom of 
manganese deficiency to be a localized paling of the leaf, followed 
by the development in a few days of small grey oblong spots with 
brownish margins. These enlarge and coalesce to form stripes 
parallel with the veins. Sometimes the spotting is most marked 
near the tip, which finally withers. The plant as a whole becomes 
somewhat chlorotic. 

Rye appears to be affected by manganese deficiency in much 
the same way as oats, the spots that develop on the leaves being 
described by Gallagher and Walsh as whitish. The leaves bend 
over in the same manner as those of oats affected by grey speck. 
Neither barley nor rye, however, appears to be so badly affected 
by manganese deficiency as oats. 

From the work of Pettinger, Henderson and Wingard (1932), 
manganese deficiency appears to produce a chlorotic condition in 
maize very similar to grey stripe. In sand-culture experiments 
with maize they met with three types of chlorosis which they 
attributed respectively to deficiency of magnesium (type A), 
excess of sodium (t 3 rpe B) and deficiency of manganese (type C). 
In type A the chlorotic areas take the form of long narrow streaks 
more or less continuous from the base to the apex of the leaves, 
but with very irregular margins. In type B the streaks are also 
continuous throughout the leaf but have very i*egular margins 
and occupy the whole intervenal region. In the type attributable 
to manganese deficiency, on the other hand, the chlorotic areas 
form discontinuous spots or stripes. White or chlorotic spots first 
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appeared in the cultures when these were about 3 weeks old. As 
the leaves grew the spots also increased in area, and m the 
affection became more severe the spots tended to coalesce into 
elongated chlorotic streaks. The tissue in the middle of the chlo- 
rotic areas then turned brown, broke down and was dead. Some- 
times the dead tissue fell out of the leaf, leaving a number of holes. 
The similarity of the condition to grey stripe of oats, is striking, 
and a photograph of maize leaves affected by their type G 
chlorosis published by Pettinger, Henderson and Wingard bears 
a close resemblance to that of oat leaves affected by grey stripe 
reproduced in Plate 1 B. 

Pahala blight of sugar cane. The disease of sugar cane 
named Pahala blight, after a small town in Hawaii where it was 
first observed, is characterized by a partial chlorosis of the leaves, 
the chlorotic areas taking the form of long white streaks. These 
are limited to the leaf blades and do not occur on the leaf sheaths. 
The third, fourth and fifth youngest leaves are generally those 
most affected. As the chlorotic cells die red spots appear, and as 
these increase in number neighbouring spots may coalesce so that 
continuous I'cd streaks result, and there may then follow splitting 
of the leaf along the line of the streak. By the time red spots 
appear the plant is generally very much stunted. A fungus, 
Mycosphaerella striatiformam, frequently appears on the red 
spots, and when the disease was first described in 1906 it was 
attributed to the attack of this fungus, but in 1928 Leo and 
McHargue produced evidence that the Pahala blight results from 
a deficiency of manganese, the fungal attack being secondary to 
this. This conclusion is based on three lines of evidence derived 
respectively from the results of the application of solutions, and 
particularly powders, containing manganese sulphate to the 
leaves, from chemical analyses of normal and affected leaves, 
and from sand-culture experiments. 

As regards the effect of applying manganese sulphate to the 
leaves it was found that this salt, generally applied as a dust with 
dusting sulphur as a carrier, brought about good recovery of 
affected plants so that new leaves were healthy and of a dark 
green colour. No recovery resulted from similar treatment with 
ferrous sulphate, which indeed had the effect of 'burning’ the 
leaves. 
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Chemical analyses of normal, semi-chlorofie and chlorotic 
leaves showed no very marked difference in the content of 
01 the fiiiiieral eonstituents except eiaiigaiiene. Ilie difference in 

this element, however, between norma! and affecti-rl leaves was 
marked, the percentages of manganese in nornni!, senii-chlorotic 
and chlorotic leaves being respectively 0-0{«, o-otHW aiai a trace. 

The sand-eultureexpcriments were carried out with cuttings of 
a variety of sugar cane very suscejitible t o 1‘ahala Idight Man 
ganese-free sand was used. Ten cultures were supplied with a 
culture solution free from manganese while another ten. sujiplied 
with a solution containing manganese, served as controls. These 
latter plants grew normally, but the plants grown without 
manganese gradually developed Pahala blight, and by the end 
of six months the affection was quite severe. 

It may be noted that Lee and McHargue reported that Pahala 
blight only appeared to occur on plants growing in alkaline or 
neutral soils. Addition of substances such as sulphur and super- 
phosphates which increase the hydrogen-ion concentration of the 
soil and so make the manganese in the soil more readily available 
lor absorption tended to diminish the incidence of I’ahala blight. 

Speckled yellows of sugar beet. The disease of sugar beet 
known as speckled yellows also involves an intervenal chlorosis 
m the leaves, the general appearance of the plant resulting from 
the presence ol the yellow chlorotic areas being indicated by its 
name. As the disease progresses the margins of the affected le'aves 
curl upwards and over the upper surfaces of the leaves. Other 
cultivated vaneties of Beta tnaritima, namely, mangold, red beet, 
and spmach beet, may also show the same condition, although in 

red beet thecharacteristicspeckledyeUow effect is maskedbythe 

red pigmentpresentinthesapoftheleaf ceils. S^inaoh {Spinacia 

mracea), which belongs to the same family as beet (Chenopo- 
diae^) may be similarly affected. Some good colour photo- 
graphs of both sugar beet and red beet affected with the disease 
are given by Wallace (1943, pp. 97-9, Pis. 81-6). 

The attribution of speckled yellows to a deficiency of manga- 
nese IS chiefly based on the fact that the disease is cured by appli- 
cations of a soluble manganese salt. Analyses carried out by the 
writer and Dr K. W. Dent, however, show a very striking dif- 
terence in the manganese content in normal and affected plants 
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of sugar beet* Tlie affected plants examined were grown by Mr 
W* Moriey Davies on soil which had been, heavily limed in order 
to induce manganese deficiency. The normal plants were grown 
on an adjoining plot not subjected to heavy liming. The dif- 
ferences ill manganese content of healthy and affected plants are 
clearly shown by the data in Table 7, The values marked p were 
obtained by the polarograph, those marked a by the absorptio- 
meter. 

Table 7, Mmiganme content of normal 
and speckled sugar beet 


Bate of 
ooiieetioii 
of material 

10 July 1942 


10 August 1942 


Manganese content in p.p.m. dry matter 
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.Leaf 
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10 

Petiole 

— 

7 

— 

Not 

recognizable 

Root 

— 

6 

— 

Not 

recognizable 

Leaf 

651 

— 

51 

54 

Root 

32 

36 

18 

14*5 


Although the determinations by the two methods show in some 
cases a little di vergence , they make it clear that the plants affected 
with speckled yellows contain considerably less manganese than 
normal plants. This is particularly so in the leaves, where the 
manganese content of the speckled plants is of the order of one- 
tenth that of healthy plants. The data afford supporting evidence 
for the view that speckled yellows is a manganese-deficiency 
disease. 

Marsh spot of peas. The symptom of the disease of peas 
known as marsh spot is the occurrence on the seeds in the pod of 
brown or black spots or cavities on the internal surface of the 
cotyledons. These necrotic spots generally only affect coty- 
ledonary tissue, although occasionally the plumule may be 
affected. Pods containing exclusively healthy seed, and pods 
containing only diseased seed may occur on the same plant, and 
pods are even found containing both healthy and diseased seed. 
Externally the plant may appear quite normal, although some- 
times mild chlorosis or mottling of the younger leaves may be 
present. In this country it occurs particularly in Romney Marsh 
w^here it appears to be limitedto alkaline soils (Heintze, 1938). In 
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Holland, Ovinge (193S) generally found it on alkaline and rela- 
tively new pokier soils. 

The fact that he found peas affected with marsh spot growing 
near oats which had developed grey speck led 1‘ethyhridge { 1 S)36) 
to suspect that marsh spot might he attributable to the same 
condition as grey speck, that is, to manganese deficiency. This 
view wa.s supported by the finding of Lcihnis {1938) that peas 
affected by marsh spot contained somewhat less manganese than 
healthy peas, and by the experiences of 0 vingc ( 1 938) in Holland 
and of Lewis (1939) in this country who found that the appli- 
cation of soluble manganese salt either as a soil dressing or a 
spray was effective in reducing the incidence of marah spot. Also 
Heintzo found that among the Romney Marsh soils those on 
which marsh spot occurred contained less salt-soluble manga- 
nese (manganese extracted by a normal solution of magnesium 
nitrate or calcium nitrate) than those on which peas w'ere free 
from the disease, the difference in the extractable manganese 
being related not to the total manganese content, but to the 
acidity or alkalinity of the soil. 

Determinations of the manganwe content of different parts of 
healthy peas and of peas affected by marsh spot made by Glass- 
cock and Wain (1940) show a considerably lower manganese 
content in the diseased seed. The peas examined were of the 
variety Harrison’s Glory, the diseased sample having been 
obtained from Romney Marah and the healthy peas from Folking- 
ham in Lincolnshire. The results are summarized in Table 8. 

Table 8. Manganese content of healthy and marsh- 
spotted peas, (Data from Glasscock and Wain) 

Manganese content 




Part of seed 

Healtliy 

seed 

Dise.aeed 
■•seed ■ 

.derm 

15 

S ■ : 

Cotyledon enter tisane 

11 

5 

Cotyledon centre tissue 

■6 

. <2 

Seed eoat ■ ■ 

'4- 



The relationship of marsh spot to manganese deficiency was 
definitely established by Piper (1941) by means of carefully 
controlled water-culture experiments in which specially purified 
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media and carefully regulated amounts of manganese were used. 
In addition to the ordinary major mineral nutrients the culture 
solution contained small amounts of boron, copper, zinc and 
molybdenum as well as sodium chloride. One series of peas was 
grown in this culture solution without manganese, to four other 
series 5, 10, 20 and 500 fig manganese per litre were respectively 
added. For the first 39 days after the seeds were put to germinate 
no differences were observable in the various cultures, but then 
in the manganese-free cultures there appeared mottling of the 
younger leaves and brown lesions on the internodes and tendrils. 
In a further 2-3 weeks growth stopped. 

In the cultures supplied with 5 fig of manganese per litre these 
same symptoms appeared, but not until 8 weeks from the 
beginning of germination. On renewal of the solution, including 
the manganese, healthy new growth was resumed, but in a 
fortnight the same pathological symptoms again appeared. The 
cultures produced a few flowers, but no fruits formed. 

The cultures supplied with 1 0 /^g of manganese per litre showed 
no unfavourable symptoms after 8 weeks, apart from slight 
mottling of the upper leaves, and after renewal of the culture 
solution growth was vigorous and moderate flowering took 
place. After another 3-4 weeks, however, the symptoms of 
manganese deficiency appeared, and although some fruits formed 
only a few ripened and these were small and imperfectly devel- 
oped, while the seeds they contained were all badly affected 
with marsh spot. 

The cultures supplied with 20 fig of manganese per litre grew 
normally, flowered freely and produced numerous fruits with a 
good yield of ripe seeds. But although the vegetative parts of 
the plant were free from symptoms of manganese deficiency, 
33 per cent of the seeds were severely affected with marsh 
spot, 24 per cent were slightly affected, while 43 per cent were 
normal. 

The cultures supplied with 500 fig of manganese per litre grew 
normally and vigorously and showed no symptoms of marsh spot . 

The necessity for manganese was also shown by the yield of 
the cultures ; Piper’s results are given in Table 9, 

These results demonstrate very clearly that marsh spot arises 
from a partial deficiency of manganese. 
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(liffereM qmntitkB of mungatme. (I)at.a trim Piper) 


Conm. of 
Mil 

(jig per 


Yield (g') 

„ .js 

fjor plant 


No. of 

1 H,'r 

frieicience 
of marsh 
spot 

litre) 

Hlioota 

Root# ■ 

Seeds' 

Total 

plasit 

fper cent) 

0 

4-3 

. ns 

'0 ^ ^ 

5*0 

fi 


fi 

12*0 

■ 4-0 

..'Cl 

I6*r. 

0 


in 

IB-2 

S-7 

0*4 

22*3 

Ci- 

100 

211 

2Mi 

3*2 

10*2 

35-3 

08 

57 

filMI 

3(1-7 ■ 

3*l> 

13*S 

47*7 

m 

0 


A condition, similar to marsh spot wan recorded by Lohnis in 
1 950 as occurring in a -Tariety of the dwarf bean grown on certain 
soils ill Holland while Hewitt' had earlier (1945) induced the 
condition in the broad, bean {Vida f aba) and the runner bean 
{Phaseolus muUiflarm) by growing the plants in a sand culture 
deficient in manganese* 

Freiiching of tnag trees* JIC'Mrito, a genus of the Euphor- 
biaceae, contains five species which are of economic importance 
on account of the oil yielded by their fruits. They are all trees 
growing to a height of 25 to 40 ft* The sficcies A.fordii, the tung 
tree or tuiig-oil tree is the source of tung oil, a drying oil used in 
the manufacture of oaints. varnishes and liiiokumi and for 


described as frencMngb- It is possible that this disease was 
previously umiotieed because it was masked by another, known 


In trees affected with frenching, chlorotic areas develop between 
the veins of the leaves, and'-aa the disease advances the tissue in 
the. chlorotic .areas dies and necrotic, .spots arise* ...Premature, 
abscission of leaves may follow*. 

Frenching may also occur in another species . of dteimfea, 
A, montana^ the mu-oil tree. , 

It was found that frenching .was not limited to alkaline soils 
.but was related to a low value of exchangeable manganese in the 
soil. 

, In the earlier .. stages of chlorosis recovery could be brought 
about in from .3 to.'fi weeks, by dipping the shoots in a 1 per cent 
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solTition of manganese sulphate containing 1 per cent caleium 
hydroxide and 1 per cent calcium caseinate spreader. 

Determinations by Reuther and Burrows (1942) of the photo- 
synthetic activity of affected leaves and leaves which had re- 
gained their normal colour by treatment with manganese 
sulphate did not indicate any very significant increase in photo- 
synthetic activity as a result of treatment, and it is suggested 
that an environmental condition such as high leaf temperature, 
solarization or stomatal closure might limit the rate of photo- 
synthesis under field conditions in Florida. Reuther and Bur- 
rows also point out that trees severely affected by frenching tend 
to produce small leaves, so that the total photosynthetic activity 
of the tree and consequently its production of new material may 
be reduced by frenching. 


2, Diseases Attributable to a 
Deficiency of Zinc 

In America plant diseases attributable to a deficiency of zinc may 
be serious. They largely affect fruit trees, but have also been 
recoi’ded as occurring in maize and some other herbaceous plants. 
Apple and pear trees suffering from zinc deficiency were recog- 
nized in England by Bould, Nicholas, Potter, Tolhurst and 
Wallace (1949). 

As with manganese deficiency, the first sign of zinc deficiency is 
usually an intervenal chlorosis, but in trees this is generally fol- 
lowed by very characteristic symptoms of abnormal growth 
known as rosetting. In spring, instead of the development of 
elongated shoots with normal-sized leaves distributed along the 
length of the shoot, there develops a rosette of small stiff leaves. 
According to the species affected, the disease is variously known 
as rosette, little leaf, mottle leaf or yellows. Chandler (1937) 
preferred to class all these conditions, including those of zinc 
deficiency in maize, as one disease, which he called zinc-deficiency 
disease, although he pointed out that the evidence might not yet 
be sufficient to justify the conclusion that the disease is due only 
to a shortage of zinc. This attitude is no doubt logically sound, 
but as the symptoms in different species may vary, and as the 
investigations of the diseases in the various species or groups of 
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species have been to a large 6J:t€ot carriec! nui iiitlepeiideiitlj, it 
1ms been considered more satisfactory here to cleecribe the 
disease in these various .gronps separately. 

Knowledge of the internal symptoms of zinc deficiency is due 
to the work of Reed and his co-workers. In 1935 Reed and 
Dnfretioy described the result of a microscopical examination of 
mottled leaves oiCitrm^ which, as %va sliail see later, may suffer 
from a deficiency of zinc. In such leaves the palisade cells are 
broader than in normal leaves, being often transversely divided 
so that the cells are rhomboidal rather than columnar in shape, 
while the contents show various abnormalities. Thus chloroplasts 
are few, their stromata are often rich in fat, and the starch grains 
within them are generally thin and elongated. The vacuoles of the 
cell contain phenolic material and little spheres of phytosterol or 
leoitlxin. These substances are absent from normal leaves and 
tend to disappear when zinc is applied to plants affected by 
mottle leaf. 

Later the cytology of the leaves of a number of other species 
suffering from zinc deficiency w^as examined by Reed (1938). 
These included apricot, peach, tomato, maize, sqiursh, mustard 
and bu 0 kw’'heat. The general effect of zinc deficiency on the 
growth of the leaves appears to be retarded differentiation, the 
palisade cells appearing rhomboidal in shape rather than colum- 
nar, while the mesophyli is markedly compact, owing to a great 
reduction in intercellular spaces. 'Hypertrophy of cells may also 
occur, and it may be said that zinc deficiency promotes enlarge- 
ment of the palisade calls rather than their multiplication and 
differentiation, while in tomato actual atrophy of mesophyli was 
observed. 

In very young apricot and peach leaves the protoplast shows 
an abnormally great affinity for dyes. This character disappears 
later, at any rate in apricot, but proteolysis of the cytoplasm may 
reduce this to an almost invisible layer. 

The chloroplasts are particularly affected by zinc deficiency, 
for this may result in inhibition of their development or in their 
destruction, injury being greatest in cells receiving the strongest 
illumination. Plastid injury may be very localized, affected and 
normal cells being found in juxtaposition. 

The phenolic substances, - 'which were noted by Reed and 
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■Dnfrenoy as occamiig in zinc-deficient Citrus leaves, were also 
observed in zinc-deficient leaves of apricot, peach and buckwheat, 
but were absent from similarly affected leaves of mustard and 
maize. Since some phenolic material is present in the normal 
healthy leaves of some species such as apricot, Eeed concluded 
that the differences in the content of phenolic substances in 
healthy and affected leaves may be one of degree. No toxic 
effect appears to be involved. 

Reed (1939) also examined the structure of zinc-deficient 
leaves of tomato grown in water culture. Such leaves exhibited 
dwarfing, paleness, downward curvature of the leaflets, incurved 
laminae and necrotic spots on the midrib and laminae. The pali- 
sade cells were longer and the spongy tissue more compact than 
in normal leaves. The chloroplasts of the palisade cells of affected 
leaves were small and tended to aggregate at the lower end of the 
cell and, owing to degeneration of some of them, the number of 
plastids was abnormally low. Degeneration was even more con- 
spicuous in the spongy tissue, the signs of it being increase in the 
amount of calcium oxalate, shrinkage, the formation of a melano- 
tic substance, and reduction in size and number of plastids. 

Reed has also examined the cy tological effects of zinc deficiency 
in the apical buds of apricot and peach trees suffering from little 
leaf. In apricot some of the meristematic cells in such buds 
exhibit strong staining with haematoxylin and methyl green ; 
this is followed by premature vacuolization and polarization. 
A similar state of affairs was observed in zinc-deficient peach 
buds except that the strong affinity for dyes was not evident. In 
the apricot, nuclei may become masked by densely stained 
masses of cytoplasm, and phenolic materials arise from altered 
cell constituents. These changes were observed while the buds 
were still in the resting stage. During the early spring tan- 
nins, which are present in normal cells, become replaced by 
phloroglucinol in affected cells, especially in the more active of 
these. As growth and differentiation proceed tannin compounds 
reappear, their accumulation being associated with enlargement 
of the cells and inhibition of cell division. At the same time the 
amount of phenolic compounds diminishes, reaching a minimum 
in early summer, after which their quantity increases until 
it reaches a maximum at the onset of the resting stage. The 
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aeciimulatioii of these pheiiolie compounds in tin* vacuoles results 
in an increase of ceil si^e but do^ not appear to lie connected 
with necrosis of the cells. 

Reference Iiaa already hmii made '(p. 3) to tlie ol>si^^vatio!l of 
Sommer on the necessity of zinc for the completion c.if the normal 
life-cycle of beans and buckwheat. Subseciiieiitiy, by means of 
carefully controlled wnrter cultures of garden pea, wiix bean and 
iiiilo {Andrc^pagrm sorghum), Reed (1942) showed that a supply of 
zinc was necessary for seed production in tliese plants. Zinc was 
supplied ill a range of concentrations, namely, 0 * 0 , 0 * 005 , 0 * 02 , 
0* 10 and 0*20 p.p.ni. In garden peas no seed \vm produced wdien 
the concentration of zinc was 0*005 p.p.in. or less, but with zinc 
concentrations of 0 * 02 , 0*10 and 0*20 p.p.m. seeds w^ere pro- 
duced, the numbers forming increasing with the concentration 
of zinc supplied. Results with beans and milo were similar except 
that in these the minimum, concentration necessary .for seed 
formation was 0*iCI p.p.m.,- 

Pecan rosette. The pecan (Carya olitwformis)^ a member of 
the Juglandaceae, is not cultivated in Britain, but its fruit, 
resemb.li.!ig a small walnut, was becoming familiar' to people in 
this €Ount.ry i,n the years immediately before 1939. The tree is 
largely cultivated in the IJni'ted' States w^iere the disease knowm 
as pecan rosette is widely spread, and where, accord.ing to Finch 
and .Kinnison (1933), it was recognized by growers as .long ago as 
1900. 

The first symptom of the disease is a yellow mottling of the 
leaves at the tip of a branch,, the chlorosis being often evident as 
the leaves unfold. The leaves at the top of a tree are generally 
those first affected. As the disease proceeds the affected leaves 
remain small and are usually crinkled, brittle and misshapen, 
while the veins tend to stand out prominently. The chlorotic 
areas of the leaves are abnormally thin and frequently become 
dark reddish brown in colour and die. Sometimes the intervenal 
tissue fails to develop at all, with the result that smooth- 
margined holes are scattered over the .leaf. Intemode, develop-' 
ment is poor and finally the branches die back. The development 
of lateral buds below the dead region results in the rosette 
appearance from which the disease takes its name. A morpho- 
logical examination by Finch and Kinnison of the roots of affected 


: DISEASES OE PLANTS ' ' ' "73 

trees revealed no indication of an abnormal condition, either 
externally or, .internally. 

Death of the tree rarely, if ever, results from rosette, but fruit 
production may be so poor that the cultivation of the trees 
becomes uiiprofitabie, and in 1932 Alben, Cole and Lewis stated 
that ill some south-eastern states hundreds of acres of pecan 
orchards had been abandoned on account of rosette, while in 
south-western states where plantations were more recent, as 
many as 95 per cent of the trees were resetting in some places. 
There can thus be no doubt of the economic importance of pecan 
rosette. 

Researches by Orton and Rand (1914) showed fairly conclu- 
sively that the disease is not due to the attack of any micro- 
organism, nor did it appear to be limited to any type of soil. 

At first it appeared that the disease might be related to iron 
deficiency, for Alben, Cole and Lewis (1932 a) found that some 
improvement in rosetted leaves was brought about by dipping 
them in, or spraying them with, a 0-6-1 per cent solution of ferric 
chloride or ferric sulphate. 

A little later, however (19326), they found that favourable 
results by such treatment were obtained only when galvanized 
iron containers were used for the solutions. This suggested the 
possibility that the effect at first attributed to iron might be due 
to zinc salts present as impurities in the iron salts used, and ac- 
cordingly treatment with solutions of zinc chloride and zinc sul- 
phate was tried. It was found that an immersion of the terminal 
branches of trees exhibiting rosette in a solution of an iron salt 
produced no improvement in the condition of the leaves, but 
that with a solution of a zinc salt young leaves were restored to 
their normal condition. Similar favourable results were obtained 
by the use of zinc-lime and zinc-sulphate sprays. Alben, Cole and 
Lewis concluded from their experiments that zinc is essential for 
the healthy growth of the pecan tree. 

Similar conclusions with regard to the cause of pecan rosette 
werereachedbyFinchand Kinnison (1933). Among other aspects 
of the problem they examined soils on which rosette appeared, 
but could find no relation between any soil factor and the inci- 
dence of rosette. The effects of a number of substances on affected 
trees were examined. These substances included salts of iron, 
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magnesium, manganese and zinc. Three treatments were em- 
ployed: (1) placing the dry material in holes bored in the trunk 
of the tree, (2) spraying leaves with solutions of the substances or 
dipping the leaves in the solutions, and (3) injecting the solutions 
into the tree trunks. With zinc salts a great improvement in the 
condition of the trees was effected by all three methods of treat- 
ment. In some cas?es, but by no means in all, some improvement 
was observed with the use of iron salts, a result which could be 
attributed to the presence of zinc as an impurity in the iron salts, 
especially as no improvement resulted with the use of purer iron 
salts. No benefit occurred as the result of treatment with either 
magnesium or manganese salts. 

Determinations of the zinc content in different parte of the 
terminal 6 in. of some shoots taken from the top of iiecan trees 
were made; the results are summarized in Table 10. They show 
that the shoots of the tree affected with rosette contained very 
much less zinc than those of healthy trees, while in a rosetted 
tree treated with zinc chloride by solid injection and in which 
recovery from resetting had taken place there was already after 
8 weeks a very considerable increase in zinc content. 

Table 10. Zinc content of leaflets, petiohs and stems of pecan 
(Carya olivaefonnis). The quantities are given as p.p.m. of dry 
matter. (Data from Finch and Kinnison) 


Condition of tree 

Leadets 

Petioles 

Stems 

Healthy 


11-0 


Healthy 

im 

T'ra<» 

10*3 

Rosettec-i 

. 3-5 

Trace 

Trace 

Rosetted ; then treated with 6 g 
ainc chloride injected in trank 
days after treatment) 

3*9 

8*6 

!5‘3 


Finch and Ednnison also published data of the zinc content of 
irrigation waters used in different districts of Arizona for sup- 
plying pecan plantations. Five out of six of these waters con- 
tained no measurable amount of zinc, and in all cases rosette was 
severe or common in the districts supplied. In the sixth case the 
water contained a measurable amount of zinc (0-14 p.p.m.) and 
the district was essentially free from rosette. 

The evidence presented by Finch and Kinnison thus supports 
the view that zinc is an essential element for the growth of the 
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pecan, and that when there is a deficiency of it the condition 
known as rosette results. The favourable effect of zinc in con- 
trolling pecan rosette was also recorded by Demaree, Fowler and 
Crane (1933) working in Georgia, 

Another member of the Juglandaceae, the walnut, may also 
exhibit the effects of zinc deficiency, but according to Chandler 
(1937) these do not include resetting, although the leaves are 
mottled, crinkled and rather small. 

Little leaf or rosette of deciduous fruit trees. Similar to 
pecan rosette is the disease of deciduous fruit trees known in 
California as little leaf. The most characteristic symptom is the 
development in the spring of rosettes of very small leaves which, 
according to Chandler, Hoagland and Hibbard (1932), who 
made a special study of the disease, generally possess less than 
5 per cent of the area of normal leaves. The affected leaves 
generally exhibit a chlorotic mottling. Shoots bearing normal 
leaves may develop later in the season below the little-leaf 
rosettes, but as the season proceeds the new leaves are progres- 
sively smaller and mottled and may be abnormal in shape. Some- 
times after one or two years, in other trees after a much longer 
period, the branches begin to die back. Fruit generally fails to 
set on badly affected branches and any which does is small and 
malformed. Stone fruits tend to have brown areas in the flesh 
(Chandler, 1937). Chandler, Hoagland and Hibbard mention 
apple, pear, plum, cherry, peach, apricot, almond and grape as 
aU liable to the affection. 

Concluding that little leaf was not the result of attack by 
micro-organisms, Chandler, Hoagland and Hibbard sought for its 
cause in the soil. As a result of various fertilizer trials they found 
that affected trees responded to the application of ferrous sul- 
phate, but only when this contained zinc as an impurity. Further 
trials showed that it was the zinc that was actually responsible 
for the improvement. Solid injection of zinc sulphate into the 
trunks of the trees appeared to be the most effective treatment, but 
favourable results were also obtained by the use of zinc sulphate 
as a soil dressing or as a spray in winter. No improvement could 
be detected as a result of treatment with salts of silver, nickel, 
cobalt, tin, cadmium, mercury, iron, copper, chromium, man- 
ganese, aluminium, molybdenum, selenium, zirconium, uranium, 
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strontium, tungsten and titaninm {ChaiidJer, Hoaglaiid , and 
Hibbard, 1934, I93S), A number of organic compounds ga¥e 
equally negative resulte. 

Determinations of the zim content of steins and leaves of 
various fruit trees affected by, and free from, little leaf published 
by Chandler, Hoagiaiid and' Hibbard suggest that the zinc 
content of shoots from trees in orchards free from little leaf 
is on the whole higher than in those of trees affected by little 
leaf. Hoagland, Chandler and Hibbard ( 1 936) were able to induce 
the symptoms of little leaf in young apricot trees grown in 
water cultures from which care was taken to exclude zinc, as far 
as practicable. 

Chandler, Hoagland and Hibbard were at first very reluctant to 
attribute little leaf to actual zinc deficiency. Their reasons for this 
reluctance *were the suddenness with which healthy trees might 
begin to die from little leaf, the recovery of some trees without 
any obvious improvement in the zinc supply, and the tact that, 
whereas trees are susceptible to little leaf, annual plants growing 
on the same soils ai’e apparently free from any symptoms of zinc 
deficiency. 

That simple zinc deficiency alone may not afford a complete 
explanation of the cause of little leaf is suggested by the work of 
Ark (1937). This investigator sterilized, by means of steam, soil 
from orchards showing little leaf and found this treatment very 
beneficial to maize and tomato. Also sand cultures of maize were 
treated respectively with little“leaf soil and sterilized soil. In the 
former the plants soon showed symptoms of zinc 'deficiency 
(white bud, see p. 81), while the plants receiving sterilized soil, or 
in sand without any soil, remained norm,aL Further, from little- 
leaf soils he isolated two strains of bacteria which when added to 
the artificial culture medium in which maize seedlings were 
growing induced sy mptoms of white bud which were removed by 
raising the content of zinc in the medium or by the injection of a 
zinc salt into the stems . Addition of one of the bacteria to cultures 
of peach and walnut also resulted in symptoms very similar to 
little leaf, symptoms which were prevented by fca presence of 
zinc. Altogether Ark's observations are veiy remin^fct of those 
of Gerretsen on the relation of micro-organisms to tffi grey-speck 
disease of oats. 
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Chandler (1937) suggested that if little leaf is the result of a 
simple zinc deficiency this might be brought about by the pro- 
duction in certain soils of a flourishing micro-flora that absorbs 
zinc in large quantities. The effect of sterilization, by killing this 
flora, would thus be to leave more zinc available for higher plants 
rooted in the soil. Alternatively, Chandler suggested that soil 
organisms might excrete, or yield on dying, substances which 
combine with zinc to form insoluble zinc compounds and so 
render it non-available. In these circumstances the effect of the 
sterilization treatment might be to break up the insoluble zinc 
compounds and release the zinc in a soluble form. 

Mottle leaf (little -leaf type) or frenching of Citrus, The 
disease of Citrus trees known as mottle leaf in California has been 
described in detail by Johnston (1933). The name is derived from 
the fact that yellow areas arise between the veins of the leaves 
giving these a mottled appearance. These chlorotic areas enlarge, 
and as fresh leaves develop these are progressively smaller until 
in severe cases they may be only an inch long, with chlorophyll 
developing only at the basal end of the midrib. In extreme 
cases dieback may follow, ultimately resulting in the death 
of the tree. The root system is also affected, the smaller rootlets 
first and the larger ones later, until in severe examples only 
large roots with a few rootlets remain functional. All species 
and varieties of Citrus can be affected by the disease. The 
severity of the affection is increased by extremes of high or low 
temperature. 

Since mottle leaf of Citrus and little leaf of deciduous trees often 
occur in the same orchard, and since Chandler, Hoagland and 
Hibbard (1932, 1933) had found that application of zinc sulphate 
was a cure for little leaf, Johnston tried the same treatment for 
mottle leaf of Citrus and found that this resulted in restoring the 
normal green condition to mottled trees. The zinc sulphate was 
applied as a circle of salt on the soil round the tree, by injection 
of crystals of the salt in holes bored in the trunk and then sealed, 
and by spraying the foliage with various sprays containing zinc 
sulphate. IimH cases a favourable result was obtained. Johnston 
was of opii^p that there were probably several kinds of mottle 
leaf affectii^'Oi^f^ which were due to different causes, and he 
proposed to designate the type which responded to treatment 
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with zinc as little leaf, thus briBging the terminology into line with 
that used for the similar ooudition found in deciduous trees,* 

III Florida the chlorotic condition of Citrus trees is known as 
frenching. This is presumably the same disease as the mottle leaf 
described by Johnston, and affected trees respond favourably to 
the application of zinc sulphate. Thus Satsiiina- orange trees 
showing symptoms of' frenching were treated by Mowtj and 
Camp (1934) with a soil dressing of zinc sulphate, and as a result 
showed signs of complete recovery. 

Whether mottle leaf or frenching is a zinc-deficiency disease in 
the strict sense is not clear. Johnston, indeed, stated that mottle 
leaf does not appear to result from soil deficiency and suggests 
that the zinc may act m an antitoxin. 

Sickle leaf or narrow’^ dented leaf of Theobrnma cacm. 
In Ghana a pathological condition of cacao ascribed to zinc 
deficiency has been described by Greenwood and Hayfroii { 1 951 
The disease also appears to occur in other parts of West Africa 
including Nigeria and the Ivory Coast, while a disease described 
as narrow dented leaf and recorded by Ciferri as occiUTiiig in the 
■West Indies {Dominican Republic) and South America (Colom- 
bia) appears to be identical with sickle leaf. So far the dise^e 
does not appear to be of much economic importance. 

The fimt sign of the disease is a bluish green vein-banding in 
leaves which, although normal in shape, are dull and leathery. 
These leaves generally pe.rsist undamaged except that when old 
they may exhibit a marginal scorch. Succeeding leaves may 
display slight coiTugation due to the intervenal spaces becoming 
convex to the upper surface of the leaf. Sooner or later, often 
after several weeks, small cMorotic primrose-coloured spots 
appear on the crests of these convex intervenal areas. These 
spots may appear singly, about 2 mm in diameter, or may form 
a line along the crest. The amount of the leaf affected vary 
from one or two only of the intervenal areas right up to the 
whole leaf which then preseniB a mottled appearance (Plate 5 b) . 
These leaves also persist, ' ' ^ 

*** Already in the earlier of the papera by Chandler, Hoagland and 
Hibbard cited above they had included CUrm fruits and walnut along 
with deciduous fruit trees as liable to little leaf. They also showed (1934) 
the favourable effect of zinc on orange trees affected in this way. 
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The leaves of the next growth flush usually exhibit deformity 
which is already observable in the young leaves before they are 
a centimetre long. Two types of deformity have been observed. 
In one type the leaves exhibit a lateral curvature giving the leaf 
the sickle shape from which the disease derives its name; the 
convex margin of such leaves may be 33 per cent longer than the 
concave side. In the second type there is no such lateral curvature 
but at some distance from the lamina end of the petiole the leaf 
develops in abnormally narrow fashion and the tip forms a long 
point which is often curled and with slight crenations. The length 
may be seven times the breadth as compared with three times in 
a normal leaf. A certain amount of uneven folding of the inter- 
venal spaces occurs in both types. With the cessation of leaf 
elongation the veins become dark green and as the leaf ages the 
paler green areas between the veins become chlorotic, and trans- 
parent streaks may appear near the midrib. Like the earlier 
produced leaves these also persist. In the first flushes to be 
affected the leaves are of normal size but with subsequent flushes, 
if the symptoms occur in these, the leaves are significantly smaller. 

With later flushes in extreme cases observed in the Dominican 
Republic chlorosis is more pronounced, intervenal elliptical 
necrotic patches may occur, the leaf tip may become scorched 
and the leaf ultimately shed. Death of the terminal bud may 
follow after which there develop thin secondary shoots bearing 
small yellowish green lanceolate leaves which are soon shed. The 
shoots then wither and the plant dies. 

Water-culture experiments carried out by Greenwood and 
Hayfron showed that omission of zinc from the culture solution 
induced the symptoms of sickle leaf; thus suggesting that the 
disease results from a deficiency of zinc. This conclusion received 
support from the results of experiments in which a 0- 01 per cent 
solution of zinc sulphate was injected into the young leaves of 
affected plants; this treatment brought about the cure of the 
disease. However, shortage of iron appeared to intensify the 
effects of zinc deficiency and the greatest success in eliminating 
the symptoms was obtained by painting the young leaves with a 
solution containing 0*5 per cent of hydrated ferrous sulphate, 
0*33 per cent of hydrated zinc sulphate and 0*05 per cent of 
. sulphuric acid. ; 
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In Ghana affected plants were found to occur chieliy on soils 
containing material from the rotting husks of cacao Such 

soils are alkaline in reaction and contain an unusually high content 
of potassium and available phosphate, conditions which tend to 
reduce the availability of zinc in the soil. 

Bronzing of tung trees. The condition of tung trees (see 
p. (>8) known as bronzing was first noted in 1930 by Newell, 
Mowry and Barnette as occurring in trees in Florida growing on 
soils containing large amounts of phosphate. Later observation 
has shown that bronzing is not confined to such soils. 

The disease usually ap^rears first in the late spring or early 
summer or even later. The first symptoms are the appearance of 
a bronze colour in a number of leaves, together with a deforma- 
tion of the terminal leaves of the shoots. With the development 
of the dark bronze colour in the leaves necrotic spot s develop and 
parts of the leaves die so that these appear ragged. Ultimately, 
a twig may lose many or all of its leaves. After the first appear- 
ance of the disease in a tree the severity of attack generally 
increases rapidly. New leaves are successively smaller and be- 
come more deformed, the internodes fail to develop normally, 
resulting in a bunched appearance of the foliage, the twigs 
remain thin and adventitious buds sprout on the older wood. 
Although the affection may be at first local, finally the whole of 
the tree may be involved. Affected trees are unduly subject to 
injury by the low temperatures of winter, and a bronzed tree 
may come into activity in the following spring smaller in size. 
By the third season after the firat appearance of bronzing a tree 
may be reduced greatly in size and, with its almost bare branches, 
appear half dead. 

Mowry and Camp (1934) found that bronzing could be cured 
by the application of about lb of zinc sulphate per tree to the 

soil or by spraying the foliage with a spray containing 6 lb of 
hydrated lime and 3 lb of 89 per cent zinc sulphate in 50 gal of 
water containing some calcium caseinate spreader. While not 
definitely committing themselves to the view that bronzing of 
tung trees is a deficiency disease they concluded that it should be 
considered the result of zinc deficiency until proved otherwise. 
As a result of this work by Mowry and Camp on the control of 
bronzing by the application of zinc stdphate Reuther and Dickey 
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were able to report in. 1937 that comparatively little bronzing was 
then to be found in properly conducted tung plantations. 

Finns radiata rosette. Trees of Finns radiata growing in 
plantations on poor soil in Western Australia are liable to exhibit 
a condition of resetting reminiscent of that occurring on so many 
species of trees in America already described. Field trials of the 
effect of spraying with zinc cliloride or zinc sulphate described by 
Kessell and Stoate (1936, 1938) showed that, as with other 
species affected by resetting, treatment with zinc was a cure for 
the disease. The presumption that rosette of P. radiata is brought 
about by a deficiency of zinc was shown to be correct by carefully 
controlled water cultures carried out by Smith and Bayliss ( 1 942) . 
Removal of zinc, copper and lead from the stock solutions was 
effected by the use of dithiocarbazone. Boron, manganese and 
copper were added to the culture solutions containing the usual 
maj or nutrients. Zinc was added to the controls only. The method 
of purifying the solutions did not remove molybdenum and it was 
not necessary to add it. 

The first symptom of zinc deficiency was a decreased rate of 
growth which began to be noticeable after about 3 months. This 
was soon followed by the shoot apices acquiring a flat-topped 
appearance due to the lower activity of the apical meristem. The 
apical buds appeared bunched together while secondary needles 
stopped growing and so appeared short, thick and stiff and the 
bundles did not spread open. Chlorotic symptoms did not appear 
until the lapse of another 5 weeks. Then small yellow dots 
appeared near the tip of the needles followed by browning, soon 
giving the tops of the branches a bronzed appearance. With the 
appearance of the first signs of chlorosis in the leaves conical 
swellings sometimes arose on the root apices. As far at least as 
the shoots are concerned the effect of zinc deficiency on P. radiata 
thus resembles the effects produced on other trees. 

It should be noted that the cultures grown by Smith and 
Bayliss were non-mycorrhizal. 

White hud of maize. As stated early in this book (p. 3), as 
long ago as 1914 Maze demonstrated the essentiality of zinc for 
the growth of Zea mais. Maze reported that maize plants grown 
in water culture deficient in zinc at first developed normally, but 
that quite suddenly the leaves darkened and developed a metallic 
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sheen while nocturnal ■ eNiidatioii became veiy almiidant, a 
deposit of soluble salts, being left on the leaves. Death of the 
plants followed in S'-S days. . 

According to the investigations of Barnette and Warner ( 1 935), 
it would appear that the' disease of maize known in Florida as 
white bud is due to zinc deficiency. They reported the disease as ■ 
occurring chiefly on land wdiich had been under cultivation for a 
number of years and also on poorer land recently brought into 
cultivation. The disease may sometimes be serious enough for the 
.crop to fail completely. 

The first symptoms of the disease may appear within a w^eek of 
the emergence of the seedlings from the soil. The first sign of the ■ 
trouble is the appearance of light yellow streaks between the veins 
of the older leaves followed by the rapid development of wdiite 
necrotic spots. As the newer leaves unfold they are often pale 
yellow to wdiite in colour, a symptom which gives its name to the 
disease. The older leaves develop light slate to dark browm necrotic 
areas which increase in size and merge with one anotlier until the 
wliole leaf is dead, Meanwdiile the jmunger chlorotic leaves con- 
tinue to unroll and as they expand develop typical yellow^ inter- 
venal striping. Internodes fail to develop properly so that the 
wliole plant is stunted. The root system, how^’cver, appears to be 
normal. Zinc-deficient plants of another cereal, oat, and of broad 
bean, are shown in Plates 3 and 4. 

The effect of various fertilizer treatments on maize plants 
affected with white bud was examined by Barnette and Warner. 
They found that a dressing which included 20 lb of zinc sulphate, 
per acre induced a very much higher yield of grain than any 
inorganic dressing which did not include zinc. With the applica- 
tion of zinc sulphate the chlorotic plants recovered a normal 
green colour, made healthy growth and produced grain. The same 
effect was produced by the application of stable manure or leaf 
mould, while chicken manure and alkaline peat produced some 
improvement in the condition of affected plants. Spectroscopic 
examination of the ash of .these various organic manures revealed 
the presence of zinc in all of them.. The work of Barnette and 
Warner, although not definitely establishing white bud of maize 
■as a disease due to deficiency of zinc, indicated the probability of 
this being the case. 
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■ Tlie possible relationship of bacteria to white bud is considered 
in the discussion of little leaf of deciduous fruit trees (p. 76). 

Zinc deficiency in dwarf beans {Phaseolus vulgaris). 
Plants of Phaseolus vulgaris exhibiting pathological symptoms 
attributed to deficiency of zinc have been found growing on a 
number of soils in the United States. Such soils are some peat 
soils in Florida, soils in old corral areas in California and freshly 
irrigated soils in Washington. The symptoms as described by 
Viets, Boawn and Crawford (1954) consist of first a mild general 
chlorosis wliich becomes intensified in the intervenal areas 
followed by the production of brown spots and necrosis of the 
mesophyU. Abscission of older leaves and flowers also occurs. 
Few seeds are set and those which do are small and mature 
slowly. The view that these symptoms result from zinc deficiency 
was supported by the results of experiments in the field by Viets 
and his co-workers with the variety Red Mexican. Plants were 
supplied with zinc at four levels described as very low, low, 
medium and high. Symptoms described above were most severe 
in plants supplied with zinc at the very low level, were still 
severe in those supplied at the low level, but were absent from 
those receiving medium or high levels of zinc supply. The effect 
of the different zinc treatments on the dry weight of the plants 
was very striking. The dry weights per plant with the four 
treatments were, with increasing zinc supply, 2*7, 5*7, 13*6 and 
15*7 g, while the corresponding amounts of zinc per plant were 
0*025, 0*061, 0*251 and 0*544 mg. Zinc-deficiency symptoms 
were apparent in plants in which the zinc concentration in the 
mature leaves was about 20 p.p.m. or lower. 

3, Diseases Attributable to a 
Deficiency OF Boron 

The effects of boron deficiency in plants have been well dealt 
with by Brenchley and Warington (1927) and more recently by 
R. W. G. and A. C. Dennis (1937, 1939, 1941, 1943). From the 
accounts of these and other authors it appears that the first 
external symptom of boron deficiency is generally the death of 
the apical growing point of the main stem. This is followed by 
growth of lateral buds into side shoots, the apices of which then 

", 6 “ 2 . 
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die* Furilier symptoois ai’B slight tliickeiiitig of the leaves, a 
tendency for these to curb and sometimes a slight elilorosis. The 
petioles, and even the leaves, often become brill le, llowers may 
not form, or if they do fruit may not set* Stiint-ed root growth is 
geiieml. 

Quite a number of inv'eatigations liave been iimde on the 
histology of boron-deicient' plants* Tliese include broad bean 
(Warington, 1926), tomato (Johnston and Dore, 1929; Fisher, 
1935; Van Hehreven, 1935; Falser and Iilcllratli, 1956 ), Citrus 
{Haas and Kioto, 1931), tobacco {Van iSchreveii, 1934), sugar 
beet (Jainalaineii, 1935), maize (Eltinge, 1936), |)otato (Van 
Schreveii, 1939), apple (MacArthur, 1940), carrot (Warington, 
1940), Brassica spp. (Chandler, 1941), radish (Skok, 1941), 
squash (Alexander, 1942), Bim.flower {Lowenhaupt, 1942), garden" 
beet and cabbage ( Jolivatte and Walker, 1 5143), turnip and cotton 
(Falser and Mclirath, 1956). 

In Fteia. fabet Warington found that the chief internal symp- 
toms of boron deficiency were freciiient hypertrophy of the cells 
of the cambium and subsequent discoloration and degeneration 
of the cells ; d isintegration of the cells occurred, however, whether 
there was previous enlargement or not. Disintegration of phloem 
and ground tissue was also frequent, while xylern development 
was poor and the cells might also ultimately disintegrate. 
Brenchiey and Thornton (1925) had previously found that 
development of the xylern of the 'root nodules either failed al- 
together or was very poor. 

In sugar beet and hypertrophy of the cambium, fol- 

lowed by its disintegration and that of the phloem, is also symp- 
tomatic of boron deficiency. In dims boron was found to be 
essential for meristematic and cambial activity. In tobacco Van' 
Schreven found that the first symptoms appeared in the cells of 
the root apex and later in the stem apex. In these regions cells 
became brown and degenerated. The symptoms then extended 
backwards from the apices, the vascular tissue being particularly 
affected. Proliferation of the cells of the phloem occurred 
resulting in the individual elements being compressed and dis- 
torted, while the xylern' development was poor. Cells of the 
/ ground tissue might also undergo disintegration. The same worker 
. recorded similar effects -in tomato' where thin-walled cells, such 
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as those of cambium, phloem and ground tissue, undergo de- 
generation. The degeneration of the phloem in tomato was 
earlier recorded by Johnston and Dore and at about the same 
time by Fisher. 

A number of species of Brassica were examined by Chandler. 
In broccoli and Brussels sprouts boron deficiency was found to 
bring about cessation of cell division in the root apex and de- 
generation of the root cap. In rutabaga the thin-walled cells of 
the meristematic tissue of the stem apex and of the root cortex 
became crushed, while cells near the cambium became elongated 
and the cork cambium failed to produce cork. In cabbage 
Jolivette and Walker recorded considerable prohferation of cells 
in the cambial region resulting in a zone of meristematic tissue 
between xylem and phloem several times the usual width of this 
band, while there was a corresponding reduction in the amount of 
differentiated xylem and phloem. In radish Skok found that 
vascular tissue near the axis which might have been produced 
while boron from the seed was still available, or from boron 
present as impurity in the substrate or chemicals used, was 
usual, but that there was a complete absence of normally de- 
veloped and lignified xylem vessels in the region between this 
inner tissue and the cambium, while the later formed phloem 
disintegrated. Xylem parenchyma cells, although smaller than 
normal, appeared uninjured. Owing to the failure of the de- 
velopment of normal vascular tissue the roots cracked and then 
the cambium and phloem mostly disintegrated. In swede, ac- 
cording to Jamalainen, the first symptom of boron deficiency is 
enlargement of xylem parenchyma. 

In the squash Alexander noticed that boron deficiency brought 
about hypertrophy and collapse of the meristematic cells and of 
more mature cortical cells of the apical region of the stem, while, 
towards the apex of the root, cells of the central cylinder were 
similarly affected. In older regions of the stem parenchyma of the 
ground tissue, xylem, and the region between xylem and internal 
phloem showed abnormal enlargement. Cells of the cambium 
were also enlarged. Enlargement of thin-walled cells also 
occurred in the leaves. 

In garden beet the first internal symptom, according to 
Jolivette and Walker, appears in the phloem where certain, cells 
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resembling coinimnion cells become filled witJi a dimsely staining 
siilistaiiee* Occasional hypertrophy of ciiini>ial cc*Iis was also 
noted* Later degeneration of :s.ylem tissue occurs* 

The fi,rst internal deficiency symptom of maize was found by 
B^ltiiige to be a disiiitegration of some of ilie leaf cells. Later, 
entire cross-sections .of a- leaf .might collapse, and in cither jiarts 
of such lea%^cs cells might fail to difiereritiate, and in yet other 
parts hypertrophy of cells,. particularly those of the lower epi- 
dermis, might occur. Later,, disintegration of cells of the stem 
apex took place. 

Thus, although the internal symptoms vary somewhat from 
species to species, it may be said that in general boron deficiency 
leads to degeneration of the me.ri8teiimtic tissues, iiicliiding the 
cambium, to b.reakdowii of the walls of parenchyma cells and to 
feeble development of the vascular tissues. Of these the pliloem 
appears to be most affected, but imperfect development of xylem 
is also a common feature. Hypertropliy of thin-walled cells and 
then discoloration are frequent precursors of their disintegration. 
Sometimes this latter is preceded by abnormally active cell 
division. 

.Notable differences in the effect on the anatomy of plants as a 
result of boron deficiency were observed by Falser and Mcllrath 
(1956) between turnip and tomato on the one hand and cotton 
on the other. In all three species boron deficiency was charac* 
terized by smaller vessels i.n the secondary wood and changes in 
the oollenohyma and sderenchyma, but the cells wdiioh became 
hypertrophied in cotton were those of the outer region of the pith 
and in the neighbourhood- of the protoxylem whereas in turnip 
and tomato it was those of the cambial region which were first 
affected in this way. In turnip these cells in the root, and in 
tomato those of the upper region of the shoot, and in both species 
those of the leaf lamina, were the first to become hypertrophied. 
The hypertrophy of some of the cells was followed by necrosis and 
cell division occurred in neighbouring cells. The symptoms later 
spread from the cambial .region to the phloem and sometimes to 
the xylem parenchyma.:- 

Heart rot of sugar beet and mangold. The disease of 
sugar beet and mangold known as heart rot, crown rot or dry 
rot, is widely distributed through Britain, Europe and America. 
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It is generally most severe on alkaline soils and in dry years. As 
the names given to it imply, the most prominent symptom is a 
necrosis of tissues of the crown and interior of the root. The first ' 
symptoms of the disease, however, appear in the youngest (inner) 
leaves (cf. Plate 5 a). These are stunted, become markedly 
curled, and the petioles develop a brown to black colour which 
may extend into the veins of the lower part of the laminae. 
As the plants grow older the leaves become affected, the veins 
becoming yellowish and the petioles brittle. Next, the inner 
leaves become brown or black and die, the main growing point 
dies and the outer leaves turn yellow, wilt, wither and finally 
also die. New shoots now develop in the axils of the dead leaves, 
but these become affected in the same way as the earlier formed 
leaves. 

With the death of the first crop of leaves the tissue of the crown 
begins to rot. First necrosis occurs at a number of spots on the 
crown and these develop inwards into the root, increasing in size 
until in severe cases the greater part of the tissues of the root may 
be destroyed. Invasion of the affected parts by Phoma betae 
usually follows . The percentage of sugar in even the healthy parts 
of affected beets is less than that of healthy roots, so that from an 
economic point of view heart rot can be of very serious con- 
sequence. 

The connexion of heart rot with boron deficiency was shown by 
Brandenburg by means of controlled water cultures, first of man- 
golds (1931) and later of sugar beet (1932). Similar results were 
obtained by Bobko and Belvoussov (1933) and by Rowe (1936). 
In the experiments of Bobko and Belvoussov seedlings provided 
with no boron developed symptoms of heart rot after about a 
week. Renewed root development of boron-starved cultures 
resulted on the addition of boric acid to the culture solutions. Too 
high a concentration proved toxic, the most satisfactory range 
of boron concentrations being from 0*5 to 5 mg of boric acid per 
litre. These findings were confirmed with sand cultures and field 
trials carried out by Brandenburg and others. 

Canker and internal black spot of red or garden beet. 
Pathological conditions of garden beet attributed to boron 
deficiency have been described both here and in the United 
States A fuU descript^^ the disease as it occurs in the 
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United States been given by Walker who terms it 

internal black spot in referents to its most proiniiient symptom, 
the preBciiee of internal hard black necrotic iniLsseH wliicli render 
the beet unfit for canning. These masses, irregular in size and 
shape, are not characteristic of any particular part of thcj root, 
for although they may be confined either to the eeiitral region or 
the peripheral region, they may also be scattered t liroiighoiit the 
root. When the black spot occurs near the periphery ii rift in the 
surface tissues may occur, .soil micro-organisms may enter and 
attack the root and a surface canker may result. But wiieii the 
necrotic areas are well inside the root there may be no external 
symptom of the disease. 

Iii this country the lesions on boron-deficient garden beet 
appear always to be siiperfieial and are known as canker. Thus 
Wallace ( 1 943) states that * rotting occurs on the sides of the roots 
and may not penetrate into the more central tissues and lie gives 
some good colour photographs of cankered garden beet (op. ciL 
Pis. 106, 107, pp. 109, 110). The absence of the internal necrosis 
in red beet grown in this country is .not explained, but it may be 
related i.n Bome way to varietal differences in growth. Walker 
states that the necrotic areas are mo.st obvious betw^eeii the 
prominent rings marked by the thick-walled vessels fomied by 
the activity of the secondary cambium zones in the pericyole. 

Tlie symptoms of boron deficiency exhibited by the shoot of 
garden beet are similar to those of sugar beet and mangold but 
generally less conspicuous. The older leaves are generally normal, 
but the younger leaves towards the middle of the crowui become 
malformed, abnormally small, and rich in anthocyanin. The mal- 
formed leaves tend to die early and a rosette of dead, stunted 
leaves may result. This condition is generally followed by the 
sprouting of dormant buds at the base of the dead leaves and the : 
consequent development of new leaves, which, however, generally 
develop the characteristic symptoms indicative of boron 
deficiency, 

Brow,ii heart or raan of swede, and turnip. The disease 
of swedes generally known as brown heart in England and raan 
in Scotland has a wide distribution, having been recorded in all 
parts of Britain, different countries of northern Europe, Iceland, 

, 'Canada, Newfoundland' and the United States, Australia and 
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New Zealand. A good account of it has been published by 
Dennis, and 0,’Brien (1937). 

^ No •external symptoms of brown heart appear during the 
growing season., and the root appears normal externally. On 
cutting an affected root across, however, the middle region 
presents a mottled appearance owing to a discoloration of 
patches of tissue within the xylem (see Plate 6a and b). Ac- 
cording to Dennis and O’Brien the affected tissue is limited to 
that within the cambium. Usually it is the outer region of the 
xylem which is affected so that the middle of the root has a 
normal healthy appearance, but in severe cases the whole of the 
region within the cambium may exhibit mottling, and in very 
severe cases the central tissue may break down and the root 
become hollow (Wallace, 1943, and see Plate 7 a). The colour of 
the affected patches shows some variation. Sometimes they have 
a greyish, slightly brownish or /water-soaked’ appearance 
(Dennis and O’Brien, 1937 ; Wallace, 1943), the coloration being 
partly due to reduction in the intercellular spaces owing to slight 
swelling of the affected cells, partly to the development of a brown 
pigment apparently connected with slight swelling of the cell 
walls. Dennis and O’Brien state that bacteria can always be iso- 
lated from the affected tissue, and they suggest that the coloration 
may be partly related to increased activity of bacteria normally 
present in the intercellular spaces. 

Swedes affected with brown heart are unfit for human con- 
sumption, as the discoloured parts remain hard when the root is 
cooked, while affected roots contain less sugar than healthy roots 
and have a bitter taste. 

In 1934 Giissow reported that application of boron as sodium 
tetraborate resulted in a large measure of control over brown 
heart, whereas other elements were not effective, and in the fol- 
lowing year a number of investigators working independently in 
different countries published the results of field experiments on 
the control of brown heart by the application of borax or boric 
acid. These workers included O’Brien and Dennis in Scotland, 
Whitehead in Wales, Jamalainen in Finland and Hurst and 
Macleod in Canada. 

The proof of the essentiality of boron for swedes was, however, 
provided by the sand-culture experiments of HiU and Grant ( 1 935) 
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and Jamalainen {1.935a, 6)' and- the water-eiiltiire experiments 
of Dennis and O’Brien {1931), wWch clearly indicate that without 
a supply of boron swedes fail to grow beyond a very young stage. 

The effect of boron daficieney in turnips is, as might be 
expected, similar to that in sw^edes. 

Browning of cauliflower* The most noticeable symptom of 
boron deficiency in cauliflower is the formation of brown patches 
in the heads. The disease haa been invcBtigatod by Deaxd>om et aL 
(1936, 1937, 1942) by means of field trials, pot cultures and histo- 
logical examination. The first external sign of tlie disease is the 
appearance of ^water-soaked’ patches on the developing head 
(see Plate 7 b). These patches soon turn brown and hard and in 
wet weather may rot. A certain amount of chlorosis may become 
apparent in the leaves, particularly at the apices of the older ones,, 
wdiich may become thicker, brittle and liable to curl dovmwards. 
Blistering may occur on the petiole and along the m,idrib. The 
root system is poorly developed. The internal symptoms resemble 
those found in other cases of boron deficiency (see p, 84). Thin- 
walled parenchyma cells of plt,h and cortex appear to be the first 
affected, iiidividual cells undergoing en,Iargement while the inter- 
cellular spaces appear to become fi.lled with mucilage, giving the 
tissue first a water-soaked appearance, followed by a, gradual 
darkening to a deep brown colour. The brown patches on the 
head appear to arise in the same w^ay. Very characteristic is the 
breakdown of the pith to form an elongated cavity (Plate 8). 

In field experiments. it was found that browning of cauliflower 
was completely eliminated by a dressing of i 0 lb of bo.rax per acre. 

Cracked stem of celery* A disease of celery known as 
cracked stem" is widely distributed in the United States and 
Canada. It was first recorded in Florida and described by Purvis 
and Ruprecht (1935, 1937 ). The first external symptoms of the 
disease are a brownish mottling of the leaf, first in the marginal 
region, and brittleness of the stem. Next, cracks develop trans- 
versely across the leaf stalks, which then curl outwards and turn 
brown. The roots suffer the- same discoloration and finally die. 
In extreme cases the' 'terminal bud may suffer the same fate. 
Where the disease is prevalent it may be very serious and bring 
about a loss of half the crop in bad cases. Investigations' by 
Purvis and Ruprecht^ including the use of water cultures and 
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sand cultures, as well as field trials, indicate that cracked stem 
results from boron deficiency and can be controlled in the field by 
the application of borax either as a soil dressing or as a spray. 

As far as I am aware, cracked stem of celery has not been 
recorded in Britain, although I have seen examples of it induced 
artificially by Mr Morley Davies through heavy liming of the soil. 

Lucerne yellows or yellow top. The effects of boron 
deficiency on lucerne (alfalfa) were described by McLarty, 
Wilcox and Woodbridge (1937) as a uniform yellowing of the 
terminal leaves, or a bronzing of the intervenal areas, poor 
development of intemodes and death of the growing points. It 
appears that the symptoms may be confused with those resulting 
from attacks by the potato leafhopper {Empoasca fabae), and 
Colwell and Lincoln (1942) have published a comparative 
account of the symptoms produced in lucerne by boron deficiency 
and by the leafhopper, their account being the result of work 
carried out both in the greenhouse and under field conditions. 
From tins it w^ould appear that when due to boron deficiency 
yellowing or reddening is always confined to the terminal leaves, 
including those of lateral branches, whereas when due to the leaf- 
hopper, yellowing or reddening may occur atwarious levels on 
the shoots. In boron-deficient plants the terminal internode is 
always abnormally short, whereas with leafhopper injury this is 
not so, although the plant may be generally stunted. With boron 
deficiency the terminal bud is always abnormal, and death of the 
growing points results. Colour photographs of boron-deficient 
lucerne are published in the paper by Colwell and Lincoln 
referred to above. 

Several workers have reported increased growth and flowering, 
and increased yield of seed of lucerne as a result of application of 
boron to the soil (e.g. Grizzard and Mathews, 1942), although 
apparently the non-treated plants did not suffer from yellowing. 
This suggests that boron deficiency may be met with which is 
insufficient to induce yellowing but which is yet sufficient to 
bring about a decrease in growth, flowering and fruiting. 

Top sickness of tobacco. The effect of boron deficiency on 
tobacco growing in the field in Sumatra was described by Kuyper 
(1930), who called the disease ‘top sickness’. In America the 
effect of boron deficiency on tobacco growing in water cultures, 
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pot cultures and on laid plots has bron described by MeMurtrey 
(192!), 1933s 1935), Thaiiist external syinptoins appear in the 
terminal biid^ the leaves of which have a |)ale green colour, the 
bases of the leaves being paler than the tips. At the same time 
the leaves have stopped growing. The tissue at the base of the 
young leaves of the bud now breaks clown and the l}iicl dies. 
Next tlie older leaves become -thicker and increase in area and 
later become brittle. The midrib may break and the vascular 
tissue then becomes discoloured. The upper leaves tend to take 
a drooping position. If the disease is not too severe and lateral 
buds develop in the axils of the leaves, they geiieraily degenerate 
in the same way the terminal bud. If there is partial recovery 
from tlie disease the younger leaves and the upper part of the 
stem as they develop may -appear twisted to one side owing to 
growth round the damaged tissue. , 

Internal cork of apples. Disease of apples as a result of 
boron deficiency occurs in Europe, Canada, the United States, 
Australia and New^ Zealand, ilccording to Dennis (1937), the 
disease wbb recorded in Australia as long ago m 1892, when it 
w^as, how-"ever, conlused with, bitter-pit. The sympto,i;ns of .the 
disease are rather varied, and partly as a result of tliis a number 
of names have been given to it including internal cork, drought 
or drouth spot, corky pit, corky core, brown heart, poverty pit, 
die-back and rosette. Internal cork refers to lesions which first 
appear as clear or slightly greenish rounded regions, generally not 
exceeding 1 cm in diameter, and which, may arise anywhere in the 
flesh of the fruit. The patches become dry and darken, and .finally' 
are dark brown in colour and of a corky or spongy consistency 
according as the lesions appear earlier or later in the developing 
fruit (Came and Martin, 1937 ; Burrell, 1937 ). In apples affected 
with d.rought or drouth spot the lesions are in the forin of large 
superficial patches, while in the case of corky core it is the middle, 
region including the core which is affected. According to Burrell 
a greater deficiency of boron is required to produce resetting and 
die-back than to induce internal cork in the fruit. Many investi- 
gators have demonstrated that this disease can be controlled by 
the application of borax or boric acid to the soil (see, for example, 
Askew, Chittenden and Thom,son, 1936 ). Internal cork does not 
appear so far to have been . recorded in Britain. 
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There is e¥ideiioe that boron deficiency ' may also induce the 
formation of internal cork in the fruit and die-back of the shoots 
in pears. 

Brown -spotting of apricots. On certain light-textured 
soils in New Zealand apricots tend to develop brown spots in the 
flesh, especially near the stem end, and a dry, spongy condition 
round the stone. This condition is attributed by Askew and 
Williams (1939) to boron deficiency. The condition is controlled 
by the application of | lb of hydrated borax per tree to the soil, 
or as a 0- 1 per cent spray. The increase in the boron content of the 
leaves and fruit resulting from these treatments was accompanied 
by freedom from brown-spotting. 

Die-back of raspberries. A disease of raspberries first 
recognized by Askew, Chittenden and Monk in 1951 as resulting 
from shortage of boron is characterized by the abnormal develop- 
ment of the leaves, retardation of the opening of the buds or 
even complete failure of the buds to open, and failure of the fruit 
to set. In the field the abnormal development of the leaves is not 
usually apparent in the young canes of the current season’s 
growth but in older canes the leaves are long, thin and deeply 
indented, presenting a feathery appearance. In less severely 
affected plants leaves curl downwards, their surface is crinkled 
and the serrations of the margins ill-defined. Most of these 
symptoms were produced by Monk (1955) in sand cultures 
without a boron supply. In these the feathery leaf symptom 
occurred in the young canes and the other symptoms, although 
these did appear, were not so marked as in plants growing in 
the field. 

Ivy leaf of hops. In commercial hop gardens plants have 
been observed exhibiting symptoms of what has been described 
as ' ivy leaf’. The incidence of this appears to be greater in the hop 
gardens of the West Midlands of England than in those of Kent 
where it has not been regarded as of economic importance. 
Evidence that this condition resulted from boron deficiency was 
provided by Cripps (1956) who examined the effects of boron 
deficiency in hop plants grown from cuttings in sand cultures 
deficient in boron. When this was accompanied by a high or 
medium level of calcium supply the rootstocks first produced 
many shoots with short internodes about 1 cm long. The growing 
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poiiits of these shoots soon turned brown and dic-d ; f uriher shoots 
wliich then developed died similarly while many lateral buds on 
the main shoots died without expanding. Wiiat lateral buds on 
the main shoots did expand developed with very short inteniodes 
and tliese stunted branches finally died back. The whole plant 
thus had a bushy appearance. The first leaves to exjiand were 
very small with slightly chlorotic margins while leaves xwoduced 
later w'ere small, often not lobed, distorted and deeply toothed. 
The tendency to produce deei>iy indented leaves was most 
marked in boron-deficient cultures supplied with calcium at a 
low level and the symptom in these i)lants was very similar to 
the ivy-leaf condition of plants in the field. Root development of 
plants receiving no boron was poor in comparison with those 
supplied with boron to the extent of from Os'S to 2'0 p.j-).m. in the 
medium. A supply of 10 p.p.m. brought about the development 
of symptoms of boron toxicity. 


4. Diseases Attkibittablb to a 
Dbpiciekcy op Copper 

Although copper has now been shown to be essential for the 
growth of a number of plants, diseases attributable to a shortage 
of this element are rarely met with in the field and are not 
of significance in Britain. The two well-recognized diseases 
which appear to be related to copper shortage are an affection 
of fruit trees known as exanthema, die-back or chlorosis, and a 
disease of various herbaceous plants known as reclamation 
disease. These are described later. 

The general effects of copper deficiency on the leaves of 
tomato plants have been described by Reed (1939). The leaves 
exhibit restricted growth, but although they are considerably 
smaller than normal leaves the number of leaflets and lobes of 
the leaflets is not reduced. The laminae of the leaflets are in- 
curved and they develop a bluish green colour with a distinct 
sheen. Later necrotic areas appear. 

Microscopic examination shows that in the early stages of 
development the palisade cells of affected leaves contain many 
large hyperchromatic plastids. These plastids ultimately de- 
generate, at the same time tending to form aggregations at one 
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end of the cell . Cavities tend to form.below stomata by the s'epara- 
tion of the tipper ends of adjacent palisade cells. The cavity may 
leiigtheii so that ultimately it extends the whole length of the 
cells and at the same time broadens owing to the slirinkage of the 
cells, this being followed by a disappearance of the cells owing to 
lysis of their contents. These processes appear to lead to the 
production of the necrotic areas already mentioned. 

■ Exanthema or die -back of fruit trees. A pathological 
condition known as exanthema aiffects various fruit trees in- 
cluding both Citrm species and rosaceous trees as well as the 
olive. The disease was recorded in Citrus in Florida in 1875, but 
it was not described for other trees until 1928, when Smith 
and Thomas recorded that for a long time it had been known 
in California as affecting other fruit trees. They reported it 
as occurring in French prune, Japanese plum, apple, pear and 
olive trees. 

Exanthema in dims is of widespread occurrence throughout 
the world. The symptoms of it in Citrus trees in Western Australia 
were described by Pittman (1936) as follows. In the orange 
strong water shoots tend to bear abnormally large leaves while 
the shoots themselves, instead of growing straight, form an S- 
shaped curve. Small blister-like swellings containing gum 
develop on the young shoots. Later these swellings develop into 
longitudinal ruptures bordered with brown or reddish brown 
ridges from within which the yellow or reddish gum exudes in wet 
weather. Shoots so affected lose their leaves and die back, and 
lateral shoots developing at the base of affected twigs produce a 
typically bunchy appearance. A condition of 'multiple-bud’ 
development, resulting from the development of a cluster of buds 
instead of two, is frequent, thus emphasizing the bunchy habit 
of the tree. Die-back is typical of badly affected trees. The fruit 
is small and frequently marked with irregular-shaped brown 
spots or blotches where finally the skin, after becoming dry, 
splits' open. 

In the lemon, gum formation on the branches is rare, but gum 
pockets may develop on the skin of the fruit. 

Haas and Quayle ( 1936) stated that leaves of Citrus in the early 
stages of exanthema may be unusually green, but may become 
mottled or chlorotic in later stages of the disease. 
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Aecoi’ding to Smith and Thomaa ( 1 928), in I Vnacli prune trees 
(Pninm domestica) affected with exanthema there is vigorous 
growth of new shoots eamh spring, but in June tlitt terminal buds 
witiier and the terminal leaves develop a chI{»rosis. There is a 
similar development of lateral shoots and tjf innltiple buds as in 
Citrus as well as the production of eruptions of the bark. Apples, 
pears and .Japanese plums can develop similar symptoms. Pitt- 
man describes exanthema of Japanese plums in Western 
Australia m involving the development of cracks in the bark 
which in some varieties may reach the cambium. Later, exuda- 
tion of gum takes place through the ruptures. Die-back is here 
also very characteristic of the condition. 

As long ago as 1917 Floyd reported the beneficial effect of 
copper sulphate on Cifnis trees in Florida affected with this 
disease, and confirmation of this was foidhcoming from Wickens 
(1925) in the treatment of affected orange trees in Western 
Australia, from Smith and Thomas (1928) in regard to plum, 
apple, pear and olive in California and from Pittman ( 1 936) for 
Citrus, plum and apple in Western Australia. 

Oserkowsky and Thomas (1933) showed that tire condition of 
the leaves of Bartlett pear trees in relation to this disease corre- 
sponded to their copper content. Thus, leaves affected with 
exanthema contained 3T-r»-l p.p.m. of the dry weight, while 
normal leaves from localities free from the disease contained 
11-20 p.p.m. of the dry weight. While these workers considered 
that these analyses afforded strong evidence that exanthema 
resulted from a deficiency of copper, they pointed out that there 
was no evidence to decide whether the disease was due directly 
to copper deficiency or whether the effect was an indirect one 
such as might be brought about, for example, if the action of 
copper resulted from its neutralizing the effect of toxins absorbed 
by the plant from the soil. 

More definite evidence that exanthema in Citrus is due to a 
deficiency of copper was provided by a culture experiment 
described by Haas and Quayle (1935). Valencia orange trees 
grafted on sour-orange stocks were grown in twelve large tanks 
containing pure sand. A nutrient solution containing all the 
known mineral nutrients except copper was supplied to the trees. 
Although for some years the trees grew vigorously, after seven 
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years they displayed typical and pronounced symptoms of 
exanthema including the S-shaped growing shoots, exudation of 
gum, blisters on the surface of the shoot and dying back of many 
shoots. The leaves became covered on the ventral side by a 
resinous stain and many leaves developed cldorosis. 

The effect of copper deficiency on deciduous fruit trees in 
South Africa has been described by Anderssen (1932). Apple, 
pear, plum, peach and apricot trees are all affected to different 
degrees. Thus plums, peaches and apricots exhibit a very decided 
chlorosis in the areas of the leaves between the veins. This is ac- 
companied by very marked resetting of the leaves, cessation of 
apical growth followed by the dying back of the branches from 
their apices. Apples, on the other hand, exhibit chlorosis much 
less frequently, but resetting is severe and the long shoots die 
back. Pears similarly do not show chlorosis very often, but un- 
like apples they do not develop resetting; however, the shoot 
apices and the youngest leaves become browned and finally die 
back. 

Anderssen makes no reference to the surface eruptions on the 
shoot which are so characteristic of copper-deficient Citrus trees 
as to give the name exanthema to the disease, and which are 
recorded both by Thomas and his collaborators and by Pittman 
as occurring in deciduous fruit trees. 

Analyses of leaves of affected and normal plum trees showed 
that of the mineral constituents determined (Cl, N, SO4, PO4, Ca, 
Mg, K, Pe, Mn, Cu) the only ones which were present in lower 
amount in chlorotic than in normal plants were manganese and 
copper. Some of Anderssen’s determinations are shown in 
Table 11. No effect was, however, produced by applying man- 
ganese to the chlorotic trees, but dipping chlorotic leaves in a 
solution of copper sulphate (0-3 p.p.m.) cured the chlorosis, and 
treatment of the soil with copper sulphate to the extent of 
0*25-2 lb of copper sulphate per tree brought about recovery 
from the diseased condition. Isaac (1934) also reported the cure 
of chlorosis in young peach trees in South Africa by the applica- 
tion of copper sulphate to the soil, while manganese sulphate 
effected no improvement. 

Bie-back of apple trees ("wither tip ’ or "summer die-back') as 
a result of copper deficiency has also been reported as occurring 
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Table 11. Ask, manganeas and copper conicni of 

leaves from 

cMomtic and normal Kelsey .plum trees. 

(Data from 

Anderssen) 


Ash 

Manganese 

Copper 


(per cent of 

fp.p.m. 

Cp.p.m. 

Siyiipla 

dry weight) 

dry weight) 

dry weight) 

Top leaves chlorotic 

. 1O-50 

10*0 

3-2 

Tof) leaves normal 

8*85 

17-1. 

7-3 

.^fiddle leaves chlorotic 

12-34 

14-7 

2-9 

■ Mi.dd!o leaves normal 

9-,l5 

16*6 

4-6 

Lower ieavc'-B <*lilorotic 

14-28 

25-r> 

3*5 

Lower leaves iionnsl 

. 10-83 

19*5 

e-9 


in Western Australia by Buiine { lOSS), but the earlier symptoms 
of the disease do not seem to be quite the same as those described 
by Aiiderssen, Thus Dunne makes no reference to resetting, but 
states that first bro%?n spots and then small necrotic areas appear 
on the terminal leaves. Eventually the leaves wither and fall, 
and then follows the dying back of the shoot. Application of 
copper sulphate, either to the soil or by injection, was effective 
in bringing about arrest of the disease and recovery of the trees. 
The copper content of leaves from healthy trees varied from 5*5 
to 12 |,).p.in. of the diy weight, whereas in leaves from, affected 
shoots the content varied from 1 to 3*6 p.p.m. of the dry weight. 
These values agree well with those found by Anderssen for the 
leaves of Kelsey plum trees, and by Oserkowsky and Thomas for 
the leaves of Bartlett pear. 

The symptoms of copper deficiency in apples and pears, as they 
appeared on a plot at the Royal Horticultural Society’s Gardens 
at Wisley and as recorded by Bould, Nicholas, Potter, Tolhurst 
and Wallace (1949), resembled those described by Dunne. There 
first appeared in early July large irregular necrotic areas in 
the terminal leaves which were followed by the upward curling 
and distortion of the leaves. The lower leaves of affected shoots 
tended to be pal© green and to be affected with numerous small 
necrotic spots. Towards the end of July the leaves were shed from 
the apex of the shoots, downwards and later in the summer the 
shoots withered and died. 

■ ■ Haas and Quayle made many determinations of the copper 
content of orange and lemon leaves and fruits, including samples 
from normal and'exanthematic trees and from affected trees that 
had recovered as a result of the application of copper sulphate, 
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and concluded that so much variation exists in the copper content 
of the leaves and fruits of trees from different localities and sites 
that It is not possible to decide from a knowledge of the copper , 
content whether trees are suffering from a deficiency of that 
element or not. It may be said, however, that the values they, 
obtained are of the same order as those already noted here. Thus 
the copper content of mature healthy orange leaves from un- 
treated trees varied froiii about 7 to 15 p.p.m. of the dry weight, 
the corresponding values for the leaves of lemon being between, 
4 and 13 p.p.m. For two grapefruit leaves the values were 6-4 
and 7*38 p.p.m. The fruit appears to contain much less copper 
calculated on a dry-weight basis, the content of the element in 
oranges and lemons ranging respectively from roughly 2 to 4 and 
3 to 5 p.p.m. in these fruits. 

Reclamation disease. A disease attributed to copper 
deficiency, whicli affects oats and other cereals, beet and legu- 
minous crop plants, occurs on reclaimed heath and moorland 
soils in Denmark , Holland and other parts of Europe. In affected 
plants the tips of the leaves become chlorotic, and in cereals this 
is followed by a failure of the plants to set seed. This disease, 
known as reclamation disease or yellow-tip, was originally attri- 
buted to the toxic action of a constituent of peat, but Sjollema 
(1933) in Holland showed that the disease could be cured by the 
addition of copper sulphate to the soil, and that the content of 
copper in wheat, rye and hay grasses was raised by this soil 
treatment. Later, Gram (1036) obtained similar results with 
barley and oats in Denmark, and Undenas (1937) with oats in 
Sweden, while in 1938 Piper found the disease affecting cereals 
in South Australia and also found that it could be controlled by 
the application of copper sulphate to the soil. 

Gats were grown by Brandenberg (1933, 1934) in water culture 
in which the amount of copper present in the culture solution was 
carefully controlled. When copper was excluded, growth was 
poor and the plants developed the symptoms of reclamation 
disease. With small amounts of copper added to the solution 
vegetative growth was more normal, but fruiting was not unless 
the concentration of copper in the solution was at least 0*5 mg 
per litre. Later Piper (1942 a) carried out water-culture 
experiments with specially purified reagents in which the 
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initial copper coneentmtion of the culture solutions varied from 
0 to 3 mg per litre. Iii.Mdition to the ordinary major mineral 
niitrie!its the solutions contained eitiall quantities of boron, zinc, 
manganese and molybdenum as well as sodium chloride. The 
main results m^ere as follows.' In the cultures ’witJioiit copper, 
27 days after setting the seeds to germinate, growth and tillering 
were noticeably less. than in cultures provided with copper. 
Dtiring the next fortnight these symptoms became more pro- 
noiinced, the leaves were a paler green, the tips of the younger 
leaves appearing definitely chlorotic, withering and dying with- 
out unrolling, while the base of the leaf continued to emerge and 
grow. In subsequently emerging leaves these symptoms were 
more pronoiiiiced until growth of the tiller ceased and its death 
ensued. 

In cultures provided with 3 //g of copper per litre definite 
symptoms of copper deficiency were not observed until 71 days 
after setting the seeds to germinate, although the plants made 
less growth than those with more copper. Slightly older leaves 
developed a marginal chlorosis. Ultimately the main tillers 
ceased growt.li and died, and although, seco,ndary ti..llers were 
produced these also developed the 8yn,iptoms already described 
and ultimately stopped growing. 

When cultures were initially provided with, 6 jtig of copper per 
litre more growth took place before the symptoms of deficiency 
developed in the youngest leaves. In t,hese cultures the slightly 
older leaves exhibited a loss of turgor so that they appeared limp 
and drooping. Secondary tillers developed as before, but all 
stopped growing before ear production. 

The plants in a culture solution containing initially 10 jug of 
copper per litre grew normally for 19 weeks before the symptoms 
of copper deficiency were evident. Flowering took place but 
grain was not formed. When the concentration of copper in the 
culture solution was 20 jig per litre some grain was produced but 
a proportion of the spikelets were sterile. In cultures grown in 
solutions containing from 50 to 600 /eg of copper per litre growth 
was normal. If the concentration of copper was higher than this, 
a toxic effect was observed, growth and tillering being depressed 
while the leaves became stiff and erect. Although the leaves were 
jSLrst of-.a particularly deep. green' colour the,; younger leaves de- 
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veloped a strong cMorosis; wMoh was more marked the higher 
the copper concentration of the cnltnre solution. 

The effect of copper concentration on the growth of . oats is 
demonstrated by Piper’s photograph of his cultures in Plate 9. 
The effects of copper deficiency on oat, broad bean and tomato 
are shown in Plates 10, 11 and 12, respectively. 

Piper’s work has confirmed the view that reclamation disease 
in oats is the result of copper deficiency. Similar experiments by 
Piper on other members of the Gramineae, namely, wheat, 
Lolmm. subulatMm and Phalaris tuberosa, showed that these also 
are affected in the same way by shortage of copper. 

5. The Symptoms of Molybdehum Deficiency 
The recognition of molybdenum as a necessary constituent of 
many, if not all, plants came later than that of the four other 
generally accepted micro-nutrients. The symptoms ascribable to 
molybdenum deficiency displayed by tomato plants in water 
culture as first described by Arnon and Stout (19396) are these. 
First the lower leaves develop a very characteristic mottling. 
This is followed later by necrosis at the leaf margins along with 
a characteristic curving over of the marginal regions of the leaf. 
Abscission of flowers takes place so that no fruit is produced. 

The symptoms of molybdenum deficiency of oats grown in 
water culture were described soon after by Piper (1940). About 
the time of emergence of the panicles necrotic areas appear about 
midway along the lamina of the upper leaves, and these areas 
frequently extend right across the leaf. With a line of weakness so 
produced the leaf bends back sharply: the band is first smooth, 
but finally a kink develops and the middle necrotic region of the 
leaf dries out a light reddish brown. Although the inflorescence 
develops normally the grain consists entirely of empty husks. 

So far only about four diseases common enough to have a dis- 
tinctive name have been traced to deficiency of molybdenum. 
The first to be recognized was the condition known as whiptail 
which affects cauliflowers, savoy cabbages and other varieties 
and species of Brassica, The disease of Citrus called yellow spot, 
which was described by Floyd more than half a century ago, was 
traced to molybdenum deficiency by Stewart and Leonard in 
1952. The scald disease of beans in Australia was attributed to 
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shortage of molybdenum by Wilson in 19411 while the condition 
of Hibiscm called strap leaf also appears to result from molyb- 
denum deficiency. MoreoYcr it now seems certain that other 
species and varieties growing on natural and cultivated soils may 
be adversely affected by shortage of molybdenum . Hoils deficient 
in molybdenum have been reported from various parts of the 
world including Great Britain and Holland, but particularly 
xlustralia., New Zealand and the United States where, according 
to Rubins ' (19»56) molybdenum deficiciicj^ certainly occurs in 
thirteen states and possibly in at least three more. On such soils 
plants, particularly lucerne as well as cauliflowers and Citrm, 
may exhibit sj^mptoms of molybdenum deficiency, while other 
crop plants, including lettuce, broccoli and clover, may also be 
noticeably affected. Hewitt (1956) has described the symptoms 
of molybdemim deficiency in more than forty species and varieties 
of higher plants, most of the information being derived from 
controlled culture experiments. The Byiiiptoins vary from species 
to species but chlorosis, either partial producing spotting or 
mottling, or general over the whole leaf, is usual. Wilting or 
scorching of the margins of the leaves follows and with the 
development of necrotic regions the leaves finally die (see Plate 
1 3). According to Hewitt the symptoms of chlorosis, wilting and 
scorching arising in culture experiments are associated with the 
supply of nitrogen in the form of nitrate in the culture solution 
(of. Plate 14). 

WhiptaiTof cauliflower and other brassicas. The first 
description of the condition known as whiptail in the field was 
given by Ogilvie and Hickman in 1936; that it was a condition 
resulting from molybdenum deficiency was demonstrated by 
Hewitt and Jones (1947) who succeeded in reproducing the 
symptoms of whiptail as they appear in plants of Brassica 
varieties growing in the field by growing the plants in molyb- 
denum-deficient sand cultures. The susceptibility of the different' 
varieties are not the same, swedes and Brusseis sprouts appearing 
to be the most readily affected. In such molybdenum-deficient 
plants pale chlorotic patches develop between the veins of the 
middle region of the stem and give the leaves a mottled appear- 
ance. The margins of the leaves turn grey -green and flaccid, then 
become brown, and finally the whole of the laminae wither so 
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that the leaves consist of little more than the midribs, a few small 
irregular pieces of tissue being all that is left of the laminae. , „ 

Bean scald. A disease of dwarf beans (Phaseolm vnlgam) 
recorded only for the Gosford-Wyong .district of New South 
Wales is. characterized by an intervenal mottling followed by' 
tscald ' or necrosis of both intervenal and marginal regions of the 
leaves. Tlie disease w^as found to occur in plants grown from seed 
produced in |■)Iants grown on acid soils in the Gosford-Wyong 
area and sown in similar soil. Seed from plants grown in a 
number of areas outside the district produced plants free from 
the disease. The condition was attributed by Wilson (1949) to 
deficiency of molybdenum. Application of a solution of sodium 
molybdate to affected plants resulted in the intervenal areas, 
developing a healthy green colour within a few days, while there 
was a reduction of the high concentration of oxidizing sub- 
stances, probably mainly nitrates, present in the chlorotic areas. 
Supporting evidence was provided by the fact that whiptail of 
cauliflowers occuiTed in the same areas as bean scald while the 
tendency for scald to develop was increased by adding sulphur 
to the soil which rendered it more acid, and reduced by appli- 
cation of lime which rendered it more alkaline, the availability 
of molybdenum increasing with increase in pH of the soil (see 
p. 140). That plants grown from seed obtained from outside the 
Gosford-Wyong district did not develop scald was attributed to 
this seed containing a sufficiency of molybdenum. 

Yellow spot of Citrus. The production of yellow chlorotic 
spots in the leaves of Citrus was described by Floyd in 1908. 
Stewart and Leonard recorded its incidence on acid soils in 
Florida and noted that it affected temple orange, sweet orange, 
tangerine and grapefruit, trees on grapefruit rootstock being the 
most susceptible. Yellow spot has indeed been recorded as 
occurring in all varieties of Citrus throughout the whole of the 
Citrus growing areas of Florida. The symptoms of yellow spot 
in the Citrus varieties examined by Stewart and Leonard were 
described by them as follows. In the leaves of the early summer 
flush, areas with a water-soaked appearance develop and these 
later become large, round or oblong, and yellow. These yellow 
spots may occur anywhere in the leaf, sometimes irregularly, 
sometimes in regular sequence between the main veins, but most 
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frec|iieiitly inside the margin. The spots may coalesce, producing 
large affected are^as and the leaves may finally fall so tliatf the 
tree becomes badly defoliated. The symptoms of molybdenum 
deficiency as these ' develop in molybdeniiiindeficieiit water 
cultures were described by Vanseiow and Datta (1949) as a 
mottling of the leaves followed by necrosis. 

Strap leaf of Hibiscus. In the condition known as strap 
leaf reported as occurring in Eibisem affected leaves are described 
as dark green but stunted and constricted laterally, while they 
exhibit prominent and distorted parallel veins. In the rozelle 
{Hibiscus sabdarijfa) molybdenum deficiency has been found by 
Von Stieglitz and Chippendale (see Stout and , Johnson, 1956) 
to bring about collapse of the massive^ central portion of the 
flower. This is of some economic importance as the fruit is used 
for making a jelly. 

Molybdenum deficiency in lucerne. Lucerne or alfalfa 
{Medieago saliva) is very sensitive to . molybdenum deficiency 
(Plate 1 4} . According to Reisenauer { 1 956) inoly bdenum-deficient 
lucerne plants in the field appear stunted and pale green, the 
leaves having Intervenal chlorotic spots which spread ' and 
coalesce until they affect the whole leaf whiidi then dies and falls. 
This particularly concerns the low^er leaves and with severely 
affected plants only the upper leaves remain. Similar symptoms 
were reported by Evans, Purvis and Bear (1950) as occurring in 
plants grown in molybdenum-deficient cultures ; in addition they 
reported a marginal necrosis of the upper leaves. The symptoms 
of plants growing in the field were considered by Reisenauer to 
be those of nitrogen starvation and this conclusion w^as supported 
by analysis of plants showing varying degrees of molybdenum 
deficiency. As Table 12 shows, the severity of the symptoms is 
related rather more to the nitrogen content than to the molyb- 
denum content of the leaves. 

Table 12. Ilolybdenum aTid nitrogen contents of the leaves 


of molybdenum-deficient plants of lucerne 

Nitrogen. Molybdenum 

content ©.fleaves content' of leaves 

Symptoms 

(per cent) 


Non© 

3-61 

■ 0*34 ' ^ 

Mild 

2-98 

■■ ■■■■0-26 ■',"■■■■' 

Moderate ■ ■ 

2-68 

■ • . 0-26."'' " 

.■Sever© 

2-6S 

y"0-28 ■■'■■^ 
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6, The Symptoms of Chlorine Dificiency. ' 

Chlorine has not been generally considered an essential element 
for plant growth but from time to time investigators have con- 
cluded from, experimental observations that chlorine was neces-, 
sary for the grow^th of one plant or another. Tt h.as already been 
mentioned that about a century ago Nobbe and Siegert regarded 
chlorine as essential for the growth of buckwheat, a finding for 
which confirmatioii was obtained by the work of Lipmanin 1938. 
In the meantime Maze in 1915 had decided that chlorine was 
essential for the grovd;h of maize. More recently Eaton (1942) 
reported increased growth of tomatoes and cotton as a result of 
the application of fertilizers containing chloride, and Raleigh 
(1948) found increased growth of garden beet in water cultures 
as a result of the addition of chloride to the culture solution. 
More recently still evidence of the essentiality of chlorine for 
tomato was presented by Broyer, Carlton, Johnson and Stout 
(1964) and for sugar beet by Ulrich and Ohki (1956) who, how- 
ever, thought that chlorine could be replaced by bromine. 
Johnson, Stout, Broyer and Carlton (1957) were able to induce 
acute chlorine deficiency in lettuce, cabbage, barley, lucerne and 
beans, as well as in several of the species noted above, namely, 
tomato, sugar beet, buckwheat and maize. Squash was an 
exception but it did not follow that this plant did not require 
chlorine for, as well as maize and beans, it was able to acquire a 
supply of chlorine from the atmosphere. Of all the plants 
examined lettuce was the most susceptible to injury resulting 
from chlorine deficiency. 

Symptoms of chlorine deficiency have been described by both 
Broyer and his co-workers and by Ulrich and Ohki. In tomato, 
wilting of the tips of the leaflets occurs, there is a progressive 
chlorosis of the leaves followed by bronzing and necrosis, and in 
severe cases fruit formation fails. In sugar beet an intervenal 
chlorosis develops in the middle leaves of the plant which at first 
resembles the effect produced by manganese deficiency, the leaves 
having a mottled or mosaic appearance at first visible only by 
transmitted light. These intervenal areas later appear as light 
green to yellow smooth and flat depressions. Secondary roots 
are also affected, having a stumpy appearance. 
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THE EFFECTS ON PLANTS OF 
TRACE-ELEMENT EXCESS 

While tLe trace elements are necessary for the normal growth 
and development of plants, eiceess of them may be as injurious' as 
their deficiency. Trace elements in excess are, in fact, poisons, 
and toxic symptoms characteristic of one or other of the trace 
elements in their action on particular species have been recorded 
in a number of instances. Such injurious effects are, of course, 
not limited to inicro-nutrients and may be produced by a large 
number of elements, particularly the so-called, heavy metals. 
The amount of any element which has to be absorbed in order to 
produce injury varies not only with the element and the plant 
but also probably with other factors such as the age of the plant 
or organ and the amount of other elements present in the medium 
and t,lie plant. 

Maxgahess 

The visual effect of exce,Bs of manganese on the cereals wheat and 
barley is the browning of the roots and the subsequent formation 
of brown spots in the leaves. This was shown as long ago as 1902 
by A, so, while more recently this symptom of manganese excess 
in barley leaves was recorded by Williams and Vlamis (1957). 
More commonly excess of manganese has been found to produce 
chlorosis. This was reported in pineapple plants by Kelley (1909, 
1912), in oats by Rippel (1923), in Citrus by Haas (1933) and in 
dwarf bean {Phaseolm vulgaris) and common vetch ( Vida sativa) 
by Lolinis (1950). In the dwarf bean excess of manganese 
induces chlorosis which at first affects the leaf margins and then 
in the younger leaves extends to the areas between the veins. As 
the leaves age they become crinkled while in the intervenal 
regions there appear whitish blotches and finally necrotic spots. 
The petioles and older, parts of, the stem are also affected, 
brownish purple spots developing' on them. In the vetch the 
intervenal chlorosis is accompanied by a purplish discoloration of 
the margins of the leaflets. 
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The. development of purplish spots on the primary leaves as a 
symptom of manganese toxicity was observed in cowpeas by 
Fnjimoto and Sherman (1948). Later these spots bec.aine 
brown and necrotic and the leaves died. The first-formed tri- 
foliate leaves w^ere very chlorotic and 'on these also brown 
necrotic spots developed which then extended into the surround- 
ing areas and then these leaves also died. Morris and Pierre ( 1949) 
also observed the formation of .small reddish purple spots on the 
leaves of the cowpea as a result of excess manganese, the number 
of spots increasing with increase of the concentration of the 
manganese supplied in the medium. The leaf margins were not 
chlorotic. These later workers also described the symptoms of 
manganese toxicity in some other members of the Leguminosae. 
In Lesfedesa the symptoms consisted in the formation of dark 
reddish brown spots which in severely affected plants accounted 
for half the total leaf area. In these the leaves exhibited a 
marginal chlorosis affecting up to 75 per cent of the margin, only 
the region near the base of the leaf not being affected. In soya 
beans excess of manganese resulted in the appearance of pale 
green iiTegular intervenal areas, while when supplied with man- 
ganese in higher concentrations many leaves became brown and 
freshly formed leaves appeared crumpled. As with cowpeas no 
marginal chlorosis was observed. The crinkling of soya bean 
leaves along the margins was noted by Evans, Lathwell and 
Mederski (1950) as a symptom of manganese toxicity, but they 
found also that excess manganese produced a marked necrosis of 
the leaf margins while the rest of the leaf remained dark green. 

The effects of excess manganese on sweet clover were found by 
Morris and Pierre (1949) to be in some contrast to those on cow- 
peas for in the former no spotting of the leaf was seen but there 
was marked chlorosis of the leaf margin and wrinkling of the leaf. 
Plate 16 a shows the effects on cauliflower: purple-brown necrotic 
spots on leaf-margins, intervenal brown necrotic mottling and 
cupping' of the l6af-m.argms. 

Different species appear to vary very much in regard to their 
susceptibility to injury in consequence of excess manganese. 
Aso (1902) found peas less susceptible than wheat and barley, 
while Lohnis (1950) found no toxic symptoms in cauliflower, 
strawberry, potato, tobacco and oats subjected to the same 
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conditions of high iBangaiiase 's'lupply as those producing injury 
in dwarf beans. Olsan (1934^ 1946) found a wide range in seiisi- 
ti¥ity to maiiganege in five species he exaiiiinccL Thus a culture 
solution containing 0*5p.p.iii. of inaiiganese proved toxic to 
Lermm jmliprMza and Senscio sylvatim while a concentration as 
high as 62%5 p.p.m. 'vvas necessary to produce injury in maize. 

Morris and Pierre (1949) examined the effect of the concen- 
tration of manganese, in the nutrient solution on plants of five 
different species of Leguminosae. Even within the same family 
notable differences in sensitivity to manganese were observed 
with different species. Some of their results which bring out this 
are sliowii in Table 13. The values of dry weight,8 are for the total 
number of plants grown in a culture vessel which was constant 
for each species, namely, six for sweet clover and three for each 
of the other species. With soya beans and cowpeas the numbers 
shown ill the table are for shoots only ; the roots of these plants 
appeared not to be affected by higher concentrations of man- 
ganese. 

TabIjB 13. EffeM of mmymiese concentration in the nutrient 
solution on the growth of diffm^eM plants. (Data ffoin Morris and 
Pierre) 

Concent-ration Dry weight of plants in grams 

of 11 langai icjse r-- — ^ — — ^ — — , — ^ 

ill solution Boya Sweet 


in, p.p.m. 

Lenpedem 

hemi 

Cowpi3a 

'Peanut 

clover 

CM 

1*09 

6-84 

6-97 

7*3 

5*82 

1-fi 

0*81 

6-n 

6*!0 

0*93 

— 

2-5 

0*63 

6-89 


7-01 

6*45 

5^0 

0*51 

6-35 

6-H 

6*91 

4*80 

10-0 

0-42 

4*13 

4*72 ■ 

5*56 

4*19 


It will be observed that with Lespedesa there was a significant 
decrease in growth resulting from the presence of 1 p.p.m. of 
manganese, as compared with 0*1 p.p.m., whereas with peanut a 
definite effect on growth was only observable with a concen- 
tration of 10 p.p.m. Even in this strongest solution there were 
only slight visual symptoms of manganese toxicity, a few of the 
leaves exhibiting a slight marginal chlorosis. 

Analyses of plants exhibiting manganese injury showed that 
these contained a' higher proportion of manganese than normal 
plants. Thus in one year.Lohnis found, dwarf bean plants con- 
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taining 1210p.p,in, of manganese or more exhibited toxic 
symptoms, while in another year this was so with plants con- 
taining 1285p.p.m. or more of manganese. These amounts 
compared with 536 p.p.m. or less of manganese in normal plants. 
Where plants are less susceptible to injury this may be due 
either to a greater tolerance or to a lower uptake of manganese. 
Potato appears to be an example of the former, for Lohnis found 
plants of this species with a high content of manganese exhibit- 
ing no sign of injury, while strawberries, and oats to an even more 
pronounced extent, were found to possess a lower proportion of 
manganese than dwarf beans growing under similar conditions. 
There appears, indeed, to be a great divergence among different 
species in regard to their absorption of manganese. In experi- 
ments with twenty different species of flowering plants Collander 
(1941) found that some had a capacity for absorbing manganese 
twenty to sixty times that of species with a minimum capacity 
for absorbing this element. 

Zinc 

Records of the harmful effect of excess absorption of zinc go back 
for almost a century. Early descriptions of the effect of excess of 
zinc on barley by Krausch and Storp in 1882 and 1883 respec- 
tively indicated that the leaves of affected plants became chloro- 
tic and developed small reddish brown intervenal patches. Other 
grasses examined, including timothy, although slightly more 
resistant, behaved similarly. With wiUow also excess of zinc was 
found to produce chlorosis, while it was noted that the roots 
turned a brownish colour. 

The symptoms of zinc toxicity in soya beans were described by 
Earley in 1943. At first a red pigment was observed to form at the 
base of the middle vein of the leaf and next the leaves began to curl 
under. Chlorosis of the tripartite leaves towards the upper part of 
the stem now appeared, the stem apex died and the red pigment 
became more intense in the leaf veins and also in the leaf petioles 
and the stem. More recently Hewitt (1953) observed that with 
sugar beet grown in sand cultures containing an excess of zinc, 
symptoms resembling those of manganese deficiency developed. 

As with manganese, different species exhibit considerable 
differences as regards their susceptibility to zinc poisoning. In 
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1885 Baumann recorded the time taken by plants of a number of 
species to die when grown in a solution containing 44 mg of zinc 
sulphate per litre. These -times ranged from 16 days with fTri- 
foUmn prafmse to 1 94 days with OmbrycMs mtiviL Barley plants 
were killed in 30 days and beet in 76 days. 

Even varieties of the same species may differ significantly in 
their sensitivity to excess of zinc. Thus of two varieties of soya 
bean Earley found one, Peking, tolerated, a concentmtion of 
0*1 p.p.in. of zinc but was damaged by a concentration of 
0*2 p.p.m. in the me-diuin, and killed hj one of 0*4 p.p.ni. Plants 
of the other variety, Hudson Manchu, tolerated zinc in a concen- 
tration of 0*8 p*p.m. and were killed by a concentration of 
1*6 p.p.m. 

Boeoh 

The toxic effect of boron in excess on the growth of plants 
appears first to have been noted by Knop in 1884 and has been 
frequently confirmed subsequently. As with other elements dif- 
ferent species show considerable differences in their sensitivity to 
injury by boron. Thus Brenchley (1914) recorded that in experi- 
ments carried out at Rothainsted young barley plants were 
injured by boric acid in a concentration of 4 x while a con- 
centration of not less than 2x1 w^as necessary to injure young 
garden pea plants. Earlier Hotter (1890) had found that garden 
pea plants were injured in nutrient solutions containing boric acid 
in half this concentration. Brenchley found maize less sensitive 
to boron excess than peas and oats. 

According to Chapman and Vanselow (1956) the concentration 
of boron in some irrigation waters may be sufficiently high to 
exert a toxic effect on Citrus trees. They concluded that if the 
concentration of boron in these waters exceeded 1 p.p.m, a harm- 
ful effect of boron was evident while double this concentration 
rendered the conditions unsuitable for the growth of Citrus. 

The chief visual symptom of boron poisoning in peas as 
described by Hotter is the appearance of brown areas in the 
lower leaves, particularly at the margins; later these extend to 
the upper leaves. Brenchley recorded that in peas ..exhibiting 
boron poisoning the tip and margins of the leaves are ■ first 
affected and the discoloration then extends inwards without the 
formation of isolated brown spots. In barley, however, she noted 
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that the leaves turned yellow with large brown spots so that the 
leaves appeared mottled. Williams and Vlamis (1957) also noted 
the formation of large blotchy necrotic patches in barley leaves 
as a resttlt of excess of boron and contrasted these with the smaE 
spots produced by manganese poisoning. The effect of excess 
boron on lucerne, according to Wallace and Bear (1949), is a 
marginal brown necrosis of the lower leaves and would thus 
appear to be similar to that , found by Brenchley in' the garden 
pea, another member of the Leguminosae. 

According to Evans, Lath well and Mederski (1950) the first 
sign of a toxic effect of excess boron observed in soya beans is 
the necrosis of the margins of the primary leaves. Later the tri- 
partite leaves of the lower and middle parts of the stem become 
necrotic. Finally the youngest leaves become yellow, crinkled 
and necrotic. Evans and his co-workers found that soya beans 
were particularly sensitive to boron, a concentration of 0*5 p.p.m. 
in the nutrient solution being sufficient to produce slight symp- 
toms of boron toxicity, while with a concentration of 2 p.p.m. 
severe toxicity symptoms developed a week after the emergence 
of the seedling from the seed. ^Beeson, Gray and Hamner (1948) 
also noted the sensitivity of soya beans to anything but low 
concentrations of boron. 

In sand cultures of hops Cripps (1956) found symptoms of 
boron toxicity developed when the medium contained 10 p.p.m. 
of boron in presence of other nutrients, and this was so whether 
calcium, which had been found to influence uptake of boron 
(see p. 134) was supplied at any of the three levels of 20, 100 and 
500 p.p.m. The toxic symptoms consisted of chlorosis of the 
leaves, most noticeable at the margins, a downward curling of 
the leaves and poor leaf lobation. There followed a formation of 
brown spots about 1 mm in diameter in the intervenal areas 
particularly near the margins, which became scorched with a 
tendency to curve upwards. The intervenal areas became more 
and more chlorotic and the scorching extended inwards from the 
margins and the leaves so affected eventually died. Inflorescences 
were few and small, especially in the plants receiving calcium at 
the highest level. 

Mcllrath and de Bruyn (1966) described the symptoms of 
boron toxicity which developed in sand cultures of Siberian millet 
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(Setaria italica) as a burning of the leaf tips followed by the 
appearance of necrotic spots along the margins of the leaves. 
These symptoms were observed in plants supplied with boron 
at the levels of 5 and 50 p.p.m. In the higher concentration the 
necrosis increased with age and the lower leaves finally died. 
Along with these symptoms there generally resulted a decrease 
ill both total and percentage dry weight and an increase in the 
percentage of ash in the shoots. 

Clmpniaii and Vanselow found that moderate symptoms of 
boron toxicity were shown by leaves of Citrus containing 
200 p.p.m. of boron in the dry matter. 

Coffee 

That copper in any but very low concentration lias a toxic action 
on plants has been known for a very long time. Nearly seventy 
years ago it ivas found by Otto that ordinary distilled water 
obtained from a copper still contained a high enough concen- 
tration of this element to induce a reduction in the rate of growth 
of garden pea, dwarf bean and wheat grown in culture solutions 
made up from this water. The experiments of Piper wdth barley 
demonstrated very clearly the effect of increasing copper concen- 
tration above 0-5 p.p.m. in bringing about reduction in the rate 
of growth of barley (cf. Plate 9). 

The toxicity of copper, like . that of other poisons, can be 
greatly affected by the presence of other substances. Tor 
example, Breiichley found the growth of barley was stopped in 
a solution of copper sulphate alone in a concentration of 1 p.p.m, 
but not in a solution containing copper sulphate in a concen- 
tration of 4 p.p.m. together with nutrient salts. 

Most of the accounts of the toxic effects of copper have dealt 
only with the decrease in growth and final death resulting from 
excess absorption of this element, and few observations are on 
record on the effects of copper on physiological processes or of 
visual symptoms of injury produced by excess of copper. 
■Treboux (1903), however, recorded a reduction of 20 to 25 per 
cent in the rate of photosynthesis of shoots of Elodea when these 
ware transferred from water to a solution of copper sulphate in a 
concentration of 10“^N, the , initial rate being; only ; partially 
restored, on re-transference .to water, .thus,: suggesting ysome 




Sugar beet suffering from manganese deficiency. Note the speckling of 
the leaves, appearing in the photograph as a mottling. 
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permanent injury to the photosynthetic mechanism. As regards 
visual symptoms of copper toxicity, Hewitt (1953) found that 
excess copper led to chlorosis of the leaves of tomato and sugar 
beet resembling that produced by a shortage of iron (Plate 16 b), 
but oats and kale appeared not to be affected in this way. 

Molybdehum 

The question of excess absorption of molybdenum is economic- 
ally important in agriculture as relatively large amounts of this 
element in herbage plants may lead to very serious disease in 
cattle, a matter which is dealt with in a later chapter. 

The effect of molybdenum absorbed in sufficient quantity to 
be toxic was examined in several species by Warington. Three 
members of the Solanaceae, namely, potato, tomato and Solarium 
nodifiorum were found to be much more sensitive to excessive 
amounts of molybdenum than broad bean and barley. The usual 
symptom observed was the production of a distinctive chlorosis. 
In the potato the shoots became reddish yellow and in tomato and 
Solarium nodifiorum a golden yellow. Millikan also observed a 
golden yellow chlorosis in flax resulting from excess molybdenum 
if nitrogen was supplied as a nitrate, including ammonium 
nitrate, or urea, but not if the nitrogen was supplied as an am- 
monium salt other than ammonium nitrate. This distinctive 
chlorosis appears to result from the formation of a molybdenum- 
tannin compound present in the cells in the form of yellow 
globules. Where anthocyanins are present excess molybdenum 
results in the formation of blue granules, presumably of a molyb- 
denum-anthocyanin compound. 

Different plant species vary greatly in their capacity for 
absorbing molybdenum. This is of considerable importance in 
regard to the maintenance of cattle on land containing a rela- 
tively high content of molybdenum as the floral composition of 
the pastures will determine their molybdenum content and so the 
amount of this element taken into stock feeding on the pastures. 
This question is dealt with in chapter vii. ' 
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CHAPTER ¥ 


FACTORS INFLUENCING ' , 

THE ABSORPTION OF TRACE ELEMENTS 
AND THEIR EFFECTS ON PLANTS 

RBFEEENC 32 S have been made in the course of the preceding 
pages to researches in which it has been found that, with concen- 
trations of one or other of the trace elements below a certain 
minimum, symptoms of deficiency of that element occur. Simi- 
larly, as regards the toxic effects of excess concentrations, limits 
of concentration have been indicated above which injury results. 
It is, however, clear that minimum and maximum values of this 
kind have no very precise significance, for the rate of absorption 
of a mineral constituent depends on a number of variable factors 
of which the concentration of the element is only one. Other 
factors may include, first, the presence of other substances and 
ions in the medium and their nature and concentration, and, 
secondly, conditions in the plant which are largely a matter of 
speculation but the effect of which is indicated by the different 
absorptive capacities of different plants. Where the medium 
from which the trace element is absorbed is soil, the content of 
the element in the soil may be little guide to its actual concen- 
tration in the soil solution, the medium from which the element is 
directly absorbed. Here the nature of the compound containing 
the element, other substances present in the soil, both mineral 
and organic, the hydrogen-ion concentration and the activity of 
micro-organisms, factors which are by no means aU independent 
of one another, may all play a part in determining the actual 
amount or concentration of the element available for absorption. 
Data have also been presented indicating that plants suffering 
from a deficiency of an element have a lower content of it than 
normal healthy plants, while plants exhibiting injury through 
excess of it contain more of the element than normal plants. 
While these differences may be usual they are not universal, as 
examples given earlier indicate, and the content of an element in 
a plant is thus not an absolute criterion of whether it is present in 


ABSOEPTIOK OF TEACE ELEMENTS 115 

deficient or excess quantity. The state in which the element is held 
in the plant would thus appear to be of importance in determining 
its effect on growth. This has been particularly brought out in work 
with manganese, 

Manoanese 

Of the manganese contained in the soil only a relatively minute 
proportion is likely to be dissolved in the soil water, and so 
immediately available to the plant, but as this manganese is 
absorbed it will be replaced in the soil solution from exchange- 
able manganese held by adsorption to colloidal particles in the 
soil. A variety of solid manganese compounds may occur in soils, 
the manganese being divalent, tetravalent, and probably also 
trivalent. The divalent manganese is soluble and so forms a 
reserve from which the exchangeable and available manganese 
can be replenished. How far the practically insoluble trivalent 
and tetravalent forms contribute to available manganese is 
doubtful and has been disputed, but it is reasonable to conclude 
that the divalent manganese is the main source of supply of this 
element to the plant. However, oxidation or reduction of the 
soil manganese means changes in its valency so that the quantity 
which can be a source of manganese available for the plant can 
alter. Alkalinity and aeration further oxidation, that is, the 
formation of trivalent and tetravalent manganese from divalent, 
while acidity and shortage of oxygen lead to the reverse trans- 
formation, A lower hydrogen-ion concentration of the soil thus 
tends to reduce the content of manganese which can become 
available to the plant. The action of soil micro-organisms is in 
the same direction as they compete with higher plants for the 
manganese available and bring about its oxidation. According 
to Quastel the activity of soil micro-organisms in effecting the 
oxidation of manganese is at a maximum when the pH of the 
soil is from 6*0 to 7*9, that is, at about neutrality. 

The well-known effect of over-liming of soil in inducing 
symptoms of manganese deficiency is usually attributed to its 
lowering the hydrogen-ion concentration and so reducing the 
amount of soluble and available manganese. Heintze (1946), for 
example, found the amount of exchangeable manganese fell 
steadily with addition of lime which raised the pH. Lime was 
added to an acid soil with a pH of 4-5 in amounts of 1, 3, 8 and 
■ ■ ■ '■ ■ ■ 8-2 : 
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12 tons per acre which had the respective effects^ of raising the 
pH to 5-5, 6*3, '7-5 and' 7-9. The exchangeable manganese content 
of the original soil was 10*2 mg per cent; with the progressively 
increasing additions of lime indicated it fell to 10*0, 8-4, 5-0 and 
2*0 mg per cent. 

The matter may, however, be not so simple as this would 
suggest, for Lnndegardh came to the conclusion that symptoms 
of manganese deficiency in the form of grey speck developed in 
oats growing on neutral and slightly alkaline soils but not on 
strongly alkaline as well as strongly acid soils, while Maschhaupt 
(1934) and Popp et. al (1934) found that a heavy dressing of 
calcium oxide would suppress the development of grey speck 
although the calcium oxide could not be replaced by calcium 
carbonate in this respect. A similar effect was recorded by Gisiger 
(1950) with an acid peat soil on which grey speck developed in 
oats when the soil was given a moderate dressing of calcium oxide 
but not when the dressing was heavy. The appearance of grey 
speck in this instance was correlated with the amount of man- 
ganese absorbed by the oat plants, the amount at first decreasing 
with increase in the amount of added lime and then increasing 
with further increase in the amount of calcium oxide added to the 
soil. Gisiger also examined the combined effect of additions of 
potassium hydroxide and calcium oxide to the soil on the incidence 
of grey speck and the yield of grain in oats and found that the de- 
velopment of grey speck induced by the addition of potassium 
hydroxide could be prevented by the addition of calcium oxide. 
Similarly, while the yield of grain fell markedly with increase in 
the amount of potassium hydroxide added to the soil, this effect 
could be reduced or eliminated altogether by addition of calcium 
oxide. 

Gisiger ’s general conclusion was that the development of grey 
speck was related to the hydroxyl-ion concentration of the soil, 
this development first increasing with increase in the hydroxyl- 
ion concentration and then falling with further increase in pH. 
It is tempting to relate this finding with the activity of micro- 
organisms where the maximum oxidative activity was found to 
be round about neutrality. 

The amount of manganese in soils available to plants may also 
be influenced by the concentration of iron salts Boken (1955, 
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1956, 1957) found that the uptake of manganese by plants 
growing on soils containing trivalent and tetravalent manganese 
was increased as a result of the addition of ferrous sulphate to 
these soils. This could be explained as due to the ferrous salt 
bringing about the reduction of the manganese to the divalent 
condition in which it would be made more readily available to 
plants, as we have seen above. 

It has been observed that symptoms of manganese deficiency 
are liable to occur in plants growing on soils containing much 
organic matter, such as old garden soils rich in humus. In some 
instances, as noted below, this is due to an actual low content of 
manganese in the soil, but otherwise it is probably due to the 
combination of manganese with constituents of the humus t o form 
complex compounds in which the manganese is non-available. 

Many determinations of the manganese content of soils have 
been made. In particular reference may be made to the very large 
number of semi-quantitative analyses of natural soils in Finland 
made by Lounamaa (1956). These soils included those derived 
from siliceous, ultrabasic and calcareous rocks and from habitats 
where the content of some particular element was known to be 
exceptionally high. In siliceous soils the manganese content 
ranged from 30 to 6000 p.p.m., in soils derived from ultrabasic 
rocks from 300 to 3000 p.p.m. and in calcareous soils from 300 to 
6000 p.p.m. These are wide ranges and although values outside 
them have been registered, most determinations of the man- 
ganese contents of soils by other investigators fall within these 
limits. Thus the manganese contents of a number of soils of West 
Pakistan analysed by Wahhab and Bhatti (1958) ranged from 
370 to 734 p.p.m. Particularly low contents of manganese have 
been found in soils containing a high content of organic matter 
such as peat and bog soils, while the manganese content of two 
podsolic soils in the United States were found by Connor, 
Schimp and Tedi’ow ( 1 957) to be 20 p.p.m. of the oven dry weight 
as compared with 121 and 106 p.p.m. for two calcareous soils, 
and 460 and 520 p.p.m. for two soils formed on glacial drift 
mainly derived from a local acid red shale. 

Few data exist of the concentration of manganese in the actual 
soil solution but no doubt it is usually very low. Determinations 
made by McGeorge (1924) for a number of soils in Hawaii were 
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nilfor soils with pH of 6*0, 7-76 and 7*9 aithongli one of these soils, 
that with a pH of 7*76, had a high manganese content. For two 
soils with a pH of 4*46 values of 0-58 and 13*3 p.p.m. were ob- 
tained while for soils with pH '.of 4*93 and 5* 39 • the respective 
values of 2-9 and 2*4 p.p.m. were found. These data indicate that 
pH may be an important, but not the only, factor in determinings 
the concentration of manganese in the soil solution. 

Many estimates of the available manganese have been made by 
determining the exchangeable manganese, that which is ex- 
tracted from the soil by a solution of some salt such as ammonium 
acetate or potassium nitrate. Such determinations can give only 
a rough idea of the manganese available to plants ; for example, 
the amount of manganese replaced by the cation of the extractive 
depends on the cation. The values of exchangeable manganese so 
obtained exliibit almost as wide a range as that of the manganese 
content of soils and certainly indicate that soils vary consider- 
ably in the amount of manganese they contain which is available 
for plants. 

This being so it is to be expected that plants will exhibit con- 
siderable differences in their manganese content in relation to 
the differences in the amount of available manganese in the soil 
and numerous analyses show this is so. For example, Hunter 
(1953) found the manganese content of the dry matter of fronds 
of bracken {Pteridium aquilinum) from some Scottish soils 
ranged from 32 p.p.m. on a serpentine soil to 484 p.p.m. on a 
granitic soil. The great number of semi-quantitative determi- 
nations of trace elements in plants growing on soils in Finland 
made by Lounamaa provide very many instances of the difference 
in manganese content of plants of the same species growing on 
different soils. To take two examples from about 150 species 
examined, the manganese content of the ash of stems of sheep 
sorrel {Rumex acetosella) ranged from 300 to 10000 p.p.m., while 
that of the leaves of the rose-bay willow herb {CJmmaemrion 
ranged from 600 to 30000 p.p.m. 

Different species growing in the same habitat may also exhibit 
wide differences in their absorption of manganese. Thus Thomas 
and Trinder (1947) found the manganese content of the ash of 
plants of Molinia coerulectf^ Seif pus caespitosus and Vaccinium 
myrtillus gathered from the same habitat in Northumberland on 
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the same day (August 15) to be respectively 330, 502 and 
2639p.p.m. The manganese content of a number of grasses 
growing on the same soil, a fine sandy loam, was found by Beeson, 
Gray and Adams (1947) to cover quite a wide range, from 
815 p.p.m. in red top to 96 p.p.m. in para grass. 

There is some evidence that the content of phosphate in the 
soil may affect the availability of manganese. In a study of the 
effect of phosphate on the trace element nutrition of young 
plants of sour orange Bingham, Martin, and Chastain (1958) 
found that additions of calcium phosphate to the soil enhanced 
the uptake of manganese by the plants. Thus additions of cal- 
cium hydrogen phosphate to a sandy loam had the effect of 
increasing the manganese concentration in the leaves from 
21 p.p.m. in plants growing on soil .without added phosphate to 
28, 37 and 67 p.p.m. with dressings of 360 , 900 and 1800 lb of 
phosphorus as calcium hydrogen phosphate per acre respectively. 
It was suggested that this increase in manganese absorption 
might be due to the increase in soluble, manganese in the soil 
through the production of soluble manganese phosphates. 

The addition of flowers of sulphur to soil, by reducing its 
alkalinity, may render more manganese available for absorption 
by plants. This was demonstrated by Owen and Massey (1963) 
who observed in roses grown in glasshouses certain symptoms 
which appeared to be induced by manganese deficiency. These 
included intervenal chlorosis of the leaves, reduction in the size 
of the leaves and weakening of the flower-bearing branches.' The 
manganese content of affected leaves was less than that of 
normal leaves. In a variety ^ Richmond the manganese content 
of leaves ' displaying these symptoms ■ was ' 23*5 p.p.m, but in 
plants growing in soil treated with flowers of sulphur it was 
106-5 p.p.m. 

' There is abundant evidence that the absorption of manganese 
is influenced by the presence of a number of other substances in 
the medium. Prominent among these are iron salts. That the 
presence of iron brings about a reduction in the absorption of 
manganese is indicated by the finding by a number of investi- 
gators that the symptoms of manganese toxicity are reduced or 
eliminated altogether by the presence of iron. This effect was 
demonstrated in peas, radish, wheat and barley by Aso in 1902, 
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since when it has been shown in a number of other plants. Several 
writers have urged that growth is at a maximum when manga- 
nese and iron are present in a certain ratio. So Pngliese (iOlB) 
considered the optimum ratio of manganese to iron in the culture 
solution for the growth of wheat %vas 1 to 2*5. Tottingham and 
Beck (1916) wrote of an antagonism between iron and manganese 
in the growth of wheat while Scharrer and Schropp (1934) found 
that with maize in water culture the growth of the roots was at a 
maximum when the ratio of manganese to iron in the culture 
solution was 1 to 7. 

The results of an elaborate series of culture experiments with 
soya bean described by Somers and Shive (1942) emphasized the 
importance of the iron/manganese ratio. In these experiments 
eighteen different combinations of iron and manganese were used 
in the culture solutions. The iron content varied from 0*005 to 
3-00 p.p.m. and the manganese content from 0 to 5*00 p.p.m. ; 
the various combinations are shown in Table 14. Actually com- 
plete absence of manganese was never attained in the culture 
itself since there was some present in the seed used and no doubt 
a little would also be introduced as impurity either from culture 
vessels or other nutrient salts used. The culture solutions also 
contained the usual major nutrients and boron. The concen- 
trations of iron and manganese and a pH of 4- 6-4*8 (to prevent 
precipitation of iron) were maintained approximately constant by 
the use of a technique in which a continuous flow of solution 
passed through the culture vessels, and the solutions were com- 
pletely changed every other day. 

Approximate determinations of both soluble and insoluble 
iron and manganese in the tissues were also made. To separate 
the soluble and insoluble fractions the fresh material was frozen 
by means of an ice-salt mixture and from this, in thawing, the 
juice was expressed under a pressure of 1600 lb per sq. in. applied 
for 2| min. The expressed juice together with washings of the 
press cake and muslin containing it were taken as containing the 
soluble iron and manganese, the press cake the insoluble fraction. 

A study of Table 14 shows at once how the dry weight and 
condition of the plants is related to the Fe/Mn ratio and not to 
the absolute concentrations of these nutrients. Thus plants 
growing in solutions containing 0*002, 0*250 and 2*00 p.p.m. 


Table 14. Effects on soya beans grown in ivater culture of different proportions of 
iron and mangauese, (From Somers and Shive) 
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manganese respectively were all normal and possessed about the 
same dry weight, provided that in each ease the ratio of soluble 
iron to soluble manganese in the leaves was within the range 
l*5-2*5. Whenever the ratio was outside this range pathological 
symptoms tended to develop. 

If the ratio were above 2*5 the symptoms were of one kind, if 
the ratio were below 1*5 the symptoms were of a different kind. 
The former were thus those of a too high Fe/Mn ratio, the latter 
of a too low Fe/Mn ratio. The first could be described either as 
manganese deficiency or iron excess, the second either as iron 
deficiency or manganese excess. The first sign of a too high 
Fe/Mn ratio was a fading of the green colour of the lower leaves 
which later developed into an intervenal yellowing on the basal 
part of the leaves. Next the upper leaves showed a fading of the 
green colour in the intervenal areas followed by the development 
of small brown necrotic spots. Finally, the new leaves opened 
with the necrotic areas already present, and these leaves might 
fail to develop and fall ; also stem apices might die. Roots showed 
no visible symptoms apart from being smaller than those of 
normal plants. 

The symptoms of a too low Fe/Mn ratio (iron deficiency, 
manganese excess) were quite distinct from those just described. 
The first sign was a slight brown discoloration of the roots 
followed by yellowing and slight curling of the upper leaves. 
As the condition developed the discoloration of the roots and 
chlorosis of the upper leaves continued until the newer leaves 
were almost white. The leaves curled downwards and sometimes 
the midribs darkened and their tissue broke down. Large 
necrotic areas developed in the most chlorotic leaves, this being 
accompanied by death of the stem apices. 

In both it was possible to correct the pathological symptoms 
by altering either the iron or manganese concentration in such 
a way as to bring the Fe/Mn ratio to a value between L 5 and 2- 5. 
A further indication of the importance of the Fe/Mn ratio was 
obtained by Somers, Gilbert and Shive (1942) in the respiration 
rate of soya beans in water cultures supplied with different pro- 
portions of the two nutrients. Respiration rates were always 
definitely lower when the Fe/Mn ratio was outside the range 
1*5~2*5 than when it was within it. 
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Twyman (1951) examined the effect of varying both manga- 
nese and iron supply on the absorption of manganese by tomatoes, 
lettuce and oats and found that in general with the same level of 
manganese supply increase in the concentration of iron supplied 
as ferrous sulphate with tartaric acid, as ferric citrate or ferric 
ammonium citrate, led to a reduction in the content of man- 
ganese in the tissues. Some of Twyman’s results summarized in 
Table 15 make this clear. Similarly the manganese content of the 
tissues of lettuce plants growing in a medium containing 0-250 
p .p .m . of manganese showed a progressive reduction with increase 
in the iron content of the medium, the respective manganese 
contents in p.p.m. with iron supplied in concentrations of 2, 10, 
30 and 50 p.p.m. being 150, 97, 57 and 34. 

Table 15. Effect of varying iron supply on the absorption of 
manganese. (Data from Twyman) 


Manganese concentration in tissues with 
Manganese different concentrations of iron in medium 
concentration , — ^ 


Species 

in. medium 

0*005 

0*010 

0*050 

0*500 

3*0 

Tomato 

0*000 

— 



0*0 

0*2 

1*0 


0*005 

— 

— 

2*0 

3*0 

2*0 


0*050 

— 

— 

31*0 

20*0 

12*0 

Oats 

0*000 

5 

6 



4 

6 


0*002 

12 

10 

— 

3 

2 


0*005 

34 

30 



7 

8 


0*010 

53 

54 


9 

6 


0*050 

220 

183 

— 

34 

21 


0*250 

529 

454 

— 

92 

66 


The conclusions of Somers and Shive have received no more 
than partial support from subsequent investigators. Several 
workers including Morris and Pierre (1947) and Berger and Gerloff 
(1947) have regarded the symptoms of manganese toxicity as 
distinct from those of iron deficiency although Twyman decided 
that mild forms of manganese toxicity were indistinguishable 
from those of iron deficiency. Wallace and Hewitt (1946) 
recorded the occurrence of both iron deficiency and manganese 
deficiency in a number of plants, raspberries, apple, plum and 
peach, while they considered that although excess of manganese 
might produce chlorosis it did not do so in all plants. In some 
plants other symptoms might accompany the chlorosis produced 
by excess of manganese and the pattern of the chlorosis might be 
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different from that produced.- by shortage of iron. That this, was : 
so in beans was reported by Wallace, .Hewitt and Nicholas (1945). 
Both Nicholas (1949) and Twyman concluded that the ratio of 
total iron to total manganese in the plant was not vary signifi- 
cant in determining manganese deficiency or toxicity although 
Twyman thought that the ratio might be important in the meta- 
bolism of healthy plants and so be a factor in determining growth 
and yield. A differentiation of the iron and manganese in the 
plant into active and inactive fractions might reveal more 
precise relationships. A high proportion of inactive manganese in 
the plant would explain why a characteristic manganese defi- 
ciency has been observed in plants containing much manganese 
while a low manganese content in which all the manganese was 
in an active condition could explain why deficiency symptoms 
did not develop in plants with a low total content of this element. 

In a study of the effects of various nutrients on the absorption 
of manganese by potato plants grown in sand cultures, BoUe- 
Jones (1955) found that with increase in the supply of iron to the 
medium, which contained adequate manganese and other 
nutrients, the concentration of manganese increased in the roots 
but decreased in stems and leaves. This finding suggested that 
iron had the effect of reducing the mobility of manganese in the 
plant such that its rate of translocation from root to shoot was 
lowered. 

The difficulty of generalizing on manganese-iron relationships 
is shown by comparing Twyman’s results with oats, tomatoes and 
lettuce cited above with those of Weinstein and Robbins (1955) 
on sunflowers. Twyman found that increasing the iron concen- 
tration in the medium, with constant manganese supply, could 
induce symptoms of manganese deficiency; while, with low 
concentrations of iron (0*005 to 0*01 p.p.m,), increase in the 
concentration of manganese in the medium could lead to an 
increase of iron in the tissues. Weinstein and Robbins, on the 
contrary , found that a high concentration of iron did not induce 
symptoms of manganese deficiency, while manganese in high 
concentration did induce the chlorosis indicative of deficiency of 
iron. 

Other cations as well as iron have been found to influence the 
absorption of manganese. 
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In a study of cation absorption by tobacco, Swanback (1939) 
made some observations on the effect of potassium and calcium 
on the absorption of manganese. The plants were grown in 
nutrient solutions containing calcium in three different concen- 
trations. In the absence of manganese the symptoms of deficiency 
of this element were most pronounced in the plants grown in the 
solutions containing the highest concentration of calcium 
(0-403 g per litre), were less with a medium calcium concentration 
(0-143 g per litre), and were not observed with low calcium 
content (0-042 g per litre). The effects with potassium were in the 
reverse order, the symptoms of manganese deficiency being most 
pronounced with low potassium supply (0-026 g per litre), less 
with medium potassium supply (0-082 g per Mtre), and not 
noticeable in the plants supplied with the highest concentration 
of potassium (0-26 g per Htre). These results are interpreted as 
suggesting that there is an antagonism between calcium and 
manganese in their absorption, while there is none between 
potassium and manganese. Other observations by Swanback 
support this suggestion. Thus with a low supply of calcium the 
dry matter produced by the tobacco plant cultures was six times 
as much when manganese was not supplied as when 0-0064 miUi- 
mol per litre of this element was supplied to the culture solution. 
With a high supply of calcium the reverse resulted, the dry 
matter of the plants provided with manganese being three and a 
half times that of the plants not supplied with it. These results are 
explained on the view that with low calcium supply the man- 
ganese retards the absorption and utilization of calcium, shortage 
of which results in the small amount of dry matter produced, 
while with high calcium supply the antagonistic effect of the 
manganese is insufficient to reduce the absorption and utilization 
of the calcium to a low level while the favourable effect of the 
manganese itself brings about an increase in growth and so of dry 
matter produced. 

That calcium antagonizes the absorption and utilization of 
manganese while potassium is indifferent is shown by determi- 
nations of the manganese content of shoots and roots of tobacco 
plants grown in the solutions containing the various concentra- 
tions of calcium and potassium already mentioned and 0-0054 
miUimoi of manganese per litre. The results are shown in Table 16. 
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Table 16. Ejfed of varying concentrations of calcium and 
potassium on the absorption of manganese by tobacco plants in 
water culture, (Trom Swanback) 




Manganese content 
in miilimol x 10“® 
per g after 



Manganese 
translocation 
quotient after 

! A- 

Treatment 

Plant 

t 

45 days 

60 days 

f 

45 days. 

60 days 

Low calcium 

Shoot 

Root 

0*74 

0*82 

0*75 

0*60 

0*91 

1*25 

Medium calcium 

Shoot 

Root 

0-25 

0-36 

0*36 

6*00 

0*70 

0*07 

High calcium 

Shoot 

Root 

0*16 

0*26 

0*33 

5*60 

0*61 

0*06 

Low potassium 

Shoot 

Root 

0*22 

0*51 

0*20 

2*10 

0*43 

0*10 

Medium potassium 

Shoot 

Root 

0*25 

0*36 

0*36 

5*00 

0*70 

0*07 

High potassium 

Shoot 

Root 

0*30 

0*49 

0*28 

3*20 

0*61 

0*09 


The values in the last two columns of the table are of what 
Swanback calls the ^translocation quotient’. This is the ratio of 
the manganese content of the shoot to that of the root and is 
supposed to give a measure of the mobility or relative transloca- 
tion of the manganese. They show clearly the effect of calcium in 
reducing both the intake of manganese and its translocation to 
the leaves, while no such effect is suggested as regards potassium. 

With soya beans Evans, Lathwell and Mederski (1950) found a 
similar effect of potassium for from culture solutions lacking this 
element the uptake of manganese was only 82 per cent of that from 
a nutrient solution containing an adequate supply of potassium. 

In pineapple Sideris and Young found (1949) that ammonium 
salts, unlike those of potassium noted above, brought about a 
reduction in the uptake of manganese, apparently attributable to 
antagonism between the two elements in their absorption by the 
plants. 

Bolle- Jones (1955) examined the effect of several mineral 
nutrients on the uptake of manganese by potato plants grown 
in sand cultures. His experiments with iron have already been 
mentioned. Increasing the potassium concentration of the 
medium brought about some decrease in the manganese content 
of the lamina of the leaves during the early stages of growth but 
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the 'decrease gave place to an increase towards the end of the 
season. With increasing potassium concentration there was an 
increase in the manganese content of stems and petioles, hut 
altogether the concentration of potassium in the medium had 
little effect on the manganese content of the whole plant. With 
increased supply of calcium as calcium carbonate the manganese 
content of both leaf laminae and tubers was reduced, while with 
increase in the phosphate content of the medium the uptake of 
manganese was lessened and the content of manganese generally 
throughout the plant was less, stems, roots, petioles and leaf 
laminae all being affected in this way. 

Zinc 

Little, if anything, appears to be known of the concentration of 
zinc in the soil solution, but it is likely to be extremely low as the 
zinc compounds occurring naturally in soils are insoluble in 
water. Beterminations of the exchangeable zinc in soils indicate 
values only up to about 23 p.p.m., much less than the highest 
values found for manganese. The zinc extractable with O-lN 
hydrochloric acid in fifty-eight soils of West India was found 
byNairand Mehta (1959) to range from 0*50 to 6*05 p.p.m., with 
an average value of 3*06 p.p.m. 

The analyses of the soils of Finland made by Lounamaa 
showed that generally these contain much less zinc than man- 
ganese, most of the values lying between 100 and 600 p.p.m. 
although in a few soils a content of 1000 p.p.m. was found. In 
the soils of West India mentioned above Nair and Mehta found 
that the total zinc content ranged from 20 to 95 p.p.m. while 
in the West Pakistan soils examined by Wahhab and Bhatti 
(1958) the total zinc content mostly ranged from 15*0 to 
87*5 p.p.m. ; a soil with only a trace of zinc was exceptional, but 
low values have also been recorded elsewhere, as for instance with 
Scottish peats in which values as low as 10 p.p.m. were found by 
Mitchell. Values not much higher than this, namely, 14 and 
16 p.p.m. of the oven-dry soil, were found by Connor, ScMmp 
and Tedrow (1957) for two podsolic soils in the United States. 
The values for calcareous soils, 169 and 320 p.p.m. and for two 
soils formed on glacial drift, 102 and 86 p.p.m., were all within 
the range recorded by 'Lounamaa. 
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' The, zinc content of plants is on the average lower than that of 
manganese. Thus the zinc, content of the ash of the plants, apart 
fromlichens, analysed by Lounamiaarangedforthemostpart from 
100 to SOOO p.p.m., though a few contained less than 100 p.p.m. 
and a few as much as 6000 p.p.m., while in one instance' a moss 
MTiacomitrium lanuginosum was recorded containing 10000 
p.p.m. of zinc in the ash, although samples of the same moss from 
other localities contained only 1000 and 3000 p.p.m. respectively. 
Lichens appear to be characterized by a high zinc content, the 
range of values found for them by Lounamaa being 1000 to 
10000 p.p.m. of ash, and in lichens on the average the content of 
zinc was found to be higher than that of any other trace element 
as the data given in Table 17 indicate. 

Table 17. Average trace-element content of lichens in p.p.m. 
of ash, (Data from Lounamaa) 


Element 

On 

siliceous 

rocks 

On 

ultrabasic 

rocks 

Manganese 

410 

1800 

Zinc 

3800 

2500 

Boron 

130 

260 

Copper 

280 

280 

Molybdenum 

19 

38 


This was also the case with mosses growing on calcareous soils, 
while with those growing on soils overlying siliceous and ultra- 
basic rocks the contents of manganese and zinc were of about the 
same order. This is in marked contrast with the state of affairs in 
vascular plants, in which the content of zinc is generally much less 
than that of manganese and of which the values for leaves of 
herbaceous flowering plants may be taken as representative (see 
Table 18). 

As with manganese the amount of zinc absorbed by plants of 
the same species may show a wide variation. Tor example, 
Lounamaa found the zinc content of the ash of different plants of 
ling {Calluna vulgaris), all from siliceous habitats, ranged from 
100 to 3000 p.p.m. As Table 18 shows, on the whole more zinc 
is taken up by plants on siliceous soils than from either ultrabasic 
or calcareous soils. As will be noted below this is probably 
related to the reaction of the soil. 
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Table 18. Average trace-element content of the leaves of herba- 
ceous flowering plants in p^p.m, of ash, (Data from Loiinamaa) 



On 

On 

On 


siliceous 

ultrabasic 

calcareous 

Element 

soils 

soils 

soils 

Manganese 

7200 

3700 

2800 

Zinc 

930 

330 

270 

Boron 

640 

980 

590 

Copper 

130 

93 

73 

Molybdenum 

13 

22 

17 


That the content of zinc in plants is influenced by its concen- 
tration in the medium was demonstrated by the experiments of 
Rogers and Wu (1948) with oats grown in sand cultures supplied 
with different amounts of zinc sulphate. From the data presented 
in Table 1 9 it will be seen that as the content of zinc in the medium 
was increased so was the zinc content of the plant. 

Table 19. Effect of concentration of zinc in the medium on 
the zinc content of oat plants, (Data from Rogers and Wu) 

Zinc in the Zinc content of plants in p.p.m. 
medium (lb of of dry weight 

ZnS04.7H20 , ^ . 

per acre) Young plants Older plants 

0 7*8 6-1 

50 12-8 11*2 

100 15-2 11-6 

200 30-3 14*3 

The amount of zinc available for plants is dependent on the 
acidity of the medium, decreasing with increase in pH. As a 
result of this, zinc deficiency is likely to occur on alkaline or even 
neutral soils and indeed Camp (1945) concluded that with Citrus 
deficiency of zinc could be expected if the pH of the soil exceeded 
6. However, in the experiment of Rogers and Wu, the results of 
which are summarized in Table 1 9, the pH of the medium ranged 
from 6-46 to 6-80, just a very little on the acid side of neutrality. 
When, however, the pH was increased by dressings of calcium 
carbonate Rogers and Wu found the zinc content of oat plants 
decreased, with one exception among their determinations, as 
the amount of added calcium carbonate and the pH increased. 
In the experiment the results of which are summarized in 
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Table 20 the Biedinm contained 50 lb of zinc sulphate (ZiiSO.^, 
7H2O) per, acre and calcium carbonate was applied in amounts 
ranging from 100 to 2000 lb per acre* The effect of this treatment 
in reducing absorption of zinc is clearly seen from, the analyses of 
the young plants but is less pronounced although still obvious, 
apart from one value, in the older plants. 

Table 20. ' Effect of addition of calcium carlmiafe to the niedimn 
on the uptake of zinc by oat plants* ■ (Data from Rogers a,nd Wii) 


Calcium 
carbonate 
added (lb 

Zinc content of plants 
{p.p.m. of dry weight) 

pH of medium 

. 

f 

Young 

Older 

Young 

Older 

per acre) 

plants 

plants 

plants 

plant^s 

100 

19-5 

17-4 

5-88 

6-10 

500 

7-7 

12-2 

6-92 

6-90 

1000 

5-7 

8-5 

■ 7-28 

7-39 

2000 

4-7 

10-5 

7-60 

7*52 


Rogers and Wu also found that the uptake of zinc was reduced 
by addition of calcium hydrogen phosphate to the medium. 
With 501b of zinc sulphate per acre added to the medium 
dressings of phosphate ranging from 100 lb (as F2O5) to 1500 lb 
per acre were applied. In the younger plants increasing the 
dressing from 100 to 500 lb per acre brought about a decrease in 
the zinc content of the young oat plants from 30*1 p.p.m. to 
17*0 p.p.m. and of the older plants from 21*6 to 17*6 p.p.m. With 
further increase in the phosphate content of the medium there 
was little further change in the zinc content of the plants. Here 
the pH was not significantly affected by increased addition of the 
phosphate, the measured values ranging from 6*45 to 5*68 in the 
culture medium of the younger plants and from 5*63 to 5*91 in 
that of the older plants. These results might be related to phos- 
phate in some way not understood, or might result from an 
antagonism between the zinc and calcium ions. From the work 
of Wear (1956), however, the latter explanation would not appear 
to be likely. Wear grew plants of in soil cultures in a 

greenhouse, the soil used being a sandy loam with a pH of 5*6 . 
To the various cultures calcium carbonate, sodium carbonate or 
calcium sulphate was added in a range of levels combined with 
zinc sulphate in various amounts. The remaining major and 
minor nutrients were provided in appropriate quantity. The 
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levels of calcium carbonate were 0, 2000, 4000 and 8000 lb per 
acre, of sodium carbonate 0, 500, 1000 and 2000 lb per acre, and 
of calcium sulphate the same. Zinc sulphate was provided at the 
levels of 0 , 20 and 40 lb per acre. 

Application of calcium carbonate at the rate of 2000 lb per 
acre increased the pH of the soil to 6*6 and the uptake of zinc at 
all levels was greatly reduced. The calcium content of the plants, 
however, increased from 0-78 to 1-09 per cent. Greater dressings 
of calcium carbonate brought about a further, though slighter, 
fall in zinc uptake with the further increase in soil pH. Sodium 
carbonate also brought about a rise in soil pH which was accom- 
panied by a fall in zinc intake. Application of calcium sulphate 
at the rate of 2000 lb per acre brought about a decrease in soil 
pH to 4-8 while the zinc content of the plant was increased 
slightly. The calcium content of the plant was increased from 
0*78 to 1-01 per cent. The uptake of zinc thus appeared to be 
clearly related to the pH of the soil and not to the level of calcium 
as such. 

The effect of calcium hydrogen phosphate on the uptake of 
zinc by young plants of sour orange recorded by Bingham, Martin 
and Chastian (1948) was very similar to its effect on oats as 
described by Rogers and Wu. Thus the zinc content of leaves 
of the young plants growing in a loamy fine sand without added 
phosphate was found to be 28 p.p.m. When phosphorus as 
calcium hydrogen phosphate at the rates of 76, 360 and 900 lb 
per acre was added to the soil the zinc contents of the leaves 
were respectively 25, 18 and 20 p.p.m. With a sandy loam the 
corresponding zinc contents of the leaves of the young Citrus 
plants were 35 p.p.m. without added phosphate and 33, 22, 27 
and 27 with additions of calcium hydrogen phosphate to the soil 
in amounts equivalent to 76, 360, 900 and 1800 lb of phosphorus 
per acre respectively. The tentative suggestion was made that 
this effect of phosphate was due to the production of relatively 
insoluble zinc phosphate in the soil. It was considered not 
to be a calcium effect as zinc-deficiency symptoms were not 
produced on soils with high concentrations of calcium in some 
other form. 


9*3 


m 


5>A0T0BS INFIiUEHCina THE 


Boeoh 

Natural soils generally contain very inncli less boron than man- 
ganese or even zinc. Loiinamaa found the average boron content 
of the siliceous, ultrabasic and calcareous soils of Finland exam- 
ined by him to be 58, 41 and 78 iD.p.m. respectively. Some soils 
were found to contain less than 3 p.p.m. while a few contained 
more than 100 p.p.m. but only one of the soils analysed contained 
as much as 300 p.p.m. Comparable ranges of boron content were 
found in soils of India (7 to 100 p.p.m.) by Ramamoorthy 
and Viswanath (1946) and in soils of Czechoslovakia (8 to 
75 p.p.m.) by Koppova and Duchon as cited by Lomiamaa. 
For some cultivated soils examined by Philipson (1953) the 
boron content ranged from 21-4 p.p.m. for a loam to 38 p.p.m. 
for a clay. 

Since the actual content of boron in soils is generally low and 
the soil minerals containing boron practically insoluble in water, 
the concentration of boron in the soil solution is likely to be very 
low indeed. Attempts at estimating the available boron have 
been made by arbitrary methods such as extracting the soil with 
hot water or phosphoric acid, the latter extractive generally 
giving higher values than the former. For cultivated soils in 
Sweden Philipson found the content of boron extracted with 
phosphoric acid ranged from 0*76 p.p.m. for a clay to 4-04 p.p.m. 
for a loamy sand. 

Although the boron content of most soils is so much less than 
that of zinc, plants may absorb as much boron as zinc or even 
more (cf. Table 18). According to Lounamaa’s analyses woody 
plants appear to acquire a higher content of boron than herba- 
ceous plants, while lichens and grasses absorb on the whole less 
boron than other plants. As with other trace elements the 
amounts absorbed by different plants of the same species may 
differ considerably, even when they are growing near one another 
in the same habitat. Thus Lounamaa called attention to the boron 
content of the leaves and twigs of Betula verrucosa in plants of 
which growing in the same habitat the boron content of the ash 
ranged from 300 to 3000 p.p.m. Actually as wide a divergence in 
the manganese content was shown by the leaves of these same 
plants. 
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As is to be expected, increase in the boron concentration of the 
medium brings about an increase in the boron content of the 
plant. 

Some numbers illustrating this, taken from the results of an 
investigation of the calcium-boron interrelationships of Siberian 
millet (Setaria italica) by Mcllrath and de Bruyn (1956), are given 
in Table 21. 


Table 21. Effect of the level of boron supply on the absorption of 
boron by Setaria itahca. (Data from Mcllrath and de Bruyn) 

Boron content (mg per g 
diy weight of shoots) with 
calcium supplied at the 
rate of 


Boron supply 
(p.p.m.) 

40 p.p.m. 

—A ^ 

480 p.p.m. 

0-0 

0*029 

0*014 

0-05 

0*020 

0*018 

0*5 

0*043 

0*034 

5-0 

0*262 

0*194 

50 

M66 

0*760 


Bingham, Martin and Chastain ( 1 958) found that in eight out of 
nine Californian soils addition of calcium hydrogen phosphate 
resulted in a reduced uptake of boron by young sour orange 
plants. Their results with two of these soils, a loamy fine sand 
and a sandy loam, are summarized in Table 22. 

Table 22. Effect of calcium hydrogen phosphate on the uptalce of 
boron by Citrus {sour orange). (Data from Bingham, Martin and 
Chastain) 

'ua.iciuiii 

Boron content of leaves (p.p.m.) 


Calcium 
hydrogen 
phosphate 
added as lb P 
per acre 

0 

76 

360 

900 

1800 


loamy 
fine sand 

34 

31 

25 

22 


sandy loam 

67 

59 

61 

41 

30 


It is not clear whether this result is to be ascribed to the effect 
of calcium as found by Mcllrath and de Bruyn (p. 136) or to the 
effect of phosphate such as Bingham and his co-workers found 
with zinc and copper. 
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It is generally held that with increase in the pH the solubility 
and availability of boron in the soil is reduced and so liming the 
soil, by increasing the pH, reduces the absorption of boron by 
plants. This view has, however, not been universally accepted. 
Thus Drake, Sieling and Scarseth (1941) coiielndeci that the 
solubility of boron was miafiPected over the pH range 4*1 to 1 i-6. 
It may thus be that effects resulting from liming may not be due 
to an increase in pH but to an effect of calciuiii ions on the 
absorption of boron. 

Indeed, several investigations have indicated that both 
potassium and calcium influence the uptake of boron. In this 
connexion the work of Reeve and Shive ( 1 944), who examined the 
relations of potassium and calcium to boron in tomato, may be 
particularly noted. In their expeximents on the relation of 
potassium to boron twenty cultures, each containing three 
plants, were grown in sand cultures -wliich received a nutrient 
solution supplied in a continuous flow. Five different potassium 
concentrations were used, namely , 10, 50, 89, 250 and 500 p.p.m., 
there being thus four cultures receiving potassium in each one of 
these concentrations. The four cultures at each potassium level 
respectively received boron in the concentrations 0*001, 0*1, 0*5 
and 5*0 p-p.m. The nutrient solution contained iron, manganese 
and zinc in addition to the major nutrients. 

It was found that symptoms of boron deficiency appeared 
first in the culture supplied with 0*001 p.p.m. of boron and 
500 p.p.m. of potassium, and last in the culture supplied wdth 
0*001 p.p.m. of boron and 10 p.p.m. of potassium and that, in 
general, the severity of the symptoms of boron deficiency in- 
creased with increase in the potassium concentration. No 
symptoms, either of boron deficiency or excess, w’^ere obseiwed 
in any of the cultures receiving the intermediate concentrations 
of boron (0*1 and 0*5 p.p.m.), but all cultures receiving 5 p.p.m. 
of boron developed symptoms of boron toxicity. With these the 
severity of the symptoms increased with increase in potassium 
concentration. Thus increasing potassium concentration brought 
about a progressive increase in the severity of the symptoms 
of boron deficiency in low boron concentrations and of the 
symptoms of boron excess in high boron concentrations. 

Analysis of the plants showed that at each level of supplied 
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boron the amount of both soluble and total boron in the tissues 
increased with increase in the potassium concentration. This 
explained the accentuation at the high boron level of the 
symptoms of boron toxicity with increasing potassium concen- 
tration, but did not explain why the boron deficiency symptoms 
at the low boron level should be accentuated with increase in the 
potassium supply. 

In their experiments on the relation of calcium to boron thirty 
cultures were used in which six levels of calcium supply (6, 10, 
50, 100, 250 and 500 p.p.m.) and five of boron (0*001, 0*01, 0*5, 
5*0 and 10*0 p.p.m.) were employed. The results showed that 
calcium acted similarly to potassium in that with the lowest 
boron concentration (0*001 p.p.m.) the severity of the symptoms 
of boron deficiency increased with increase of the supply of 
calcium, the effect of the latter in this respect being, indeed, 
greater than that of potassium. In its influence on boron toxi- 
city produced by the highest boron concentration (10 p.p.m.), 
however, calcium acted in exactly the opposite way to potassium, 
for wfith progressively increasing calcium supply the severity of 
the symptoms of boron toxicity became less. Chemical analyses 
of the plants showed that with the lower concentrations of boron 
in the nutrient solution (0*001, 0*01 and 0*5 p.p.m.) the boron 
content (both total and soluble) was independent of the calcium 
concentration of the nutrient solution, but with the higher con- 
centrations of boron in the nutrient solution (5*0 and 10*0 p.p.m.) 
increase in the concentration of calcium brought about a decrease 
of both total and soluble boron in the plants. This accounted for 
the effect of increasing concentration of calcium in reducing the 
toxicity of boron when supplied in high concentration. The 
ratio of calcium to boron in the plant was influenced by the 
supply of potassium, increase of this cation in the nutrient 
solution bringing about a lowering of the calcium/boron ratio. 
Calcium appeared to have no significant influence on the 
potassium/boron ratio. 

The results obtained by Reeve and Shive are in harmony with 
the well-known fact that heavy liming of certain soils will induce 
boron deficiency in a number of crop plants such as beet and 
swede. It will also be observed that if a soil contains sufficient 
boron to induce toxicity symptoms, heavy liming should reduce 


FACTORS INFLXJEHCIHC THE 


136 

the severity of these. This was found to be so with oats by Jones 
and Searsetli (1944). These workers grew lucerne, oats and 
tobacco in pots of limed and milimed soils to which various 
quantities of borax were added. The calcium and boron in the 
plants were determined. As a result the conclusion was drawn 
that a plant will only make normal growth when there is a certain 
balance between the intake of calcium and that of boron. From 
a consideration of their own data and those obtained by Cook and 
Miller (1939) for sugar beet, Miihr (1940) for soya bean and Drake, 
Sieling and Scarseth (1941) for tobacco, they came to the con- 
clusion that the ideal balance for these various plants is attained 
when the ratios (in equivalents) of calcium to boron in the 
respective plants are 100 for sugar beet, 500 for soya bean and 
1200 for tobacco. 

A study of the interrelationships of boron and calcium in 
Siberian millet {Setaria italica) was made by Mclkath and de 
Bruyn (1956). Plants grown in sand culture were supplied with 
boron as boric acid in concentrations of 0, 0*05, 0*5, 5 and 
50 p.p.m. and with calcium as calcium nitrate or, in the higher 
levels, as mixtures of calcium nitrate and calcium chloride, in 
concentrations of 40, 160, 320 and 480 p.p.m. The effect of 
increasing calcium supply was to bring about a decrease in both 
the total and soluble boron in the shoots. This was not very 
marked with boron supplied at lower levels but was more 
definite at higher levels of boron supply, as the results sum- 
marized in Table 23 indicate. 

Table 23. Effect of the level of calcium supply on the absorption 
of boron by Siberian millet, (Data from Mcllrath and de Bruyn) 


Calcium 

supply 

(p.p.m.) 

Total boron as mg per g 
dry weight of shoots in 
plants supplied with 

Soluble boron as mg per g 
dry weight of shoots in 
plants supplied with 

0*05 p.p.m. B 5 p.p.m. B 

0*05 p.p.m. B 

5 p.p.m. B 

40 

0*020 

0*262 

0*009 

0*231 

160 

0*026 

0*278 

0*011 

0*249 

320 

0*016 

0*231 

— 

0*211 

480 

0*018 

0*194 

0*012 

0*188 


The length of the daily period of illumination of soya bean 
plants was found by MacVicar and Struckmeyer (1946) to be a 
factor influencing the effect of boron deficiency. Seedlings in pot 
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cultures both with and without a supply of boron were subjected 
to short-day (9 h) or long-day (17-18 h) illumination. Three 
weeks after the plants were first subjected to these photoperiods 
no visible differences were detected in the short-day plants be- 
tween those with and without a boron supply. It was different 
with the long-day plants. With these, reduced growth of the 
boron-deficient plants was already obvious, and a month after 
the transference to the long-day condition the plants exhibited 
typical symptoms of boron deficiency. After a further month 
these symptoms were very severe, whereas in the boron-deficient 
short-day plants the symptoms were only moderately severe. 

Copper 

The mean copper contents of the siliceous, ultrabasic and cal- 
careous soils of Finland examined by Lounamaa were found to 
be respectively 110, 22 and 42 p.p.m. Siliceous soils thus con- 
tained on the average about twice as much copper as boron, 
while the other soils contained roughly only balf as much. 
Average values obtained by Stenberg, Ekman, Lundblad and 
Svanberg for mineral and organic soils in Sweden and cited by 
Wiklander (1958) were respectively 16 and 19 p.p.m., while in 
West Pakistan Wahhab and Bhatti (1958) obtained values up 
to 77 p.p.m. with an average of 45 p.p.m. Low values, down to 
3-3 p.p.m., cited by Wiklander, were found by Hoffmann for peat 
soils in Germany. In two podsoHc soils in the United States 
Connor, Schimp and Tedrow ( 1 957) found only 4 p.p.m. of copper 
in the oven-dry soil, while in two soils derived from calcareous 
material the amounts W'ere 13 and 17 p.p.m., and in two soils 
formed on glacial drift the amounts were 40 and 30 p.p.m. 
Mitchell (1955) gave the range 3 to 100 p.p.m. as covering the 
copper content of most mineral soils. 

According to Wiklander only about one per cent of the copper 
in the soil is soluble in water and the concentration of copper in 
the soil solution of ordinary soils is only about 0-01 p.p.m. Little 
appears to be known about the availability of copper in soils, 
but by the use of the bioassay technique Nicholas and Fielding 
(1947) estimated the content of available copper in an alkaline 
fen soil from Methwold, Suffolk, as 0-5 to 0-75 p.p.m., while in a 
calcareous drift soil from Long Ashton it was more than 5 p.p.m. 
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The exchangeable copper is strongly adsorbed by the soil 
colloids and particularly by organic matter with which, indeed, it 
is : also supposed to form, stable complex compoimdB, in which 
form it is non-exchangeable. Steenbjerg {195CI) considered that 
the combination of cupric ions with humus was one of the most 
important factors in rendering copper unavailable to |:>la,iits and 
so inducing copper deficiency. 

The amount of available copper appears to be .affected by the 
pH of the soil. According to Steenbjerg, and also Gaarder and 
Eoyset, quoted by Wiklander, the copper content of oats was 
found to be at a minimum with a pH of the soil of 5*5. 

While the range of copper content of plants is wide it is, on the 
whole, less than with other trace elements. The copper content 
of the ash of the leaves of fifteen species of angiosperms according 
to Erkama (1950) ranged from 60 to 240p.p.m. These values 
agree well with those obtained by Lounamaa, of which 93 per 
cent of more than 400 analyses relating to 83 species of herba- 
ceous angiosperms lay between 30 and 300 p.p.m. of the ash. 
Beeson, Gray and Adams (1947) found the copper content of a 
number of grasses growing on the same sandy loam ranged from 
21 p.p.m. in Kentucky blue grass to 4*5 p.p.m. in para grass. 

No doubt as with other trace elements the absorption of copper 
increases with the concentration of this element in the medium. 
This was indicated by analyses made by Mulder (1950) of plants 
grown on soils inducing copper deficiency and on the same soils 
to which copper sulphate had been added. For exam|>le, the 
copper content of the shoots of oat plants five weeks old grown on 
a copper-deficient soil was 1*9 p.p.m. of the dry w^eight and the 
plants showed signs of copper deficiency ; the copper content of 
the shoots of plants grown on the same soil to which 50 kg of 
copper sulphate per hectare had been added was 8*1 p.p.m. of 
the dry weight and the plants were normal. Grain from wheat 
plants showing slight symptoms of copper deficiency grown on a 
sandy soil had a copper content of 0*9 p.p.m. of the dry weight, 
while in grain from normal plants on the same soil to which 25 mg 
of copper sulphate per kilogram of soil had been^added the copper 
content was 3* 0 p.p.m. of the dry weight. 

Bingham, Martin and Chastain (1958) found the uptake of 
^opp®^ % sour orange was markedly depressed by the addition 
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of calcium hydrogen phosphate to the soil. Thus the copper 
content of the leaves of young plants growing on a sandy loam 
without added phosphate was lOp.p.m. With addition of 
calcium phosphate in amounts equivalent to 76, 360, 900 and 
1800 lb of phosphorus per acre the copper contents were reduced 
respectively to 4*2, 2-3, 1-7 and 0*9p.p.m. As with zinc, with 
which the depressing effect of phosphate on uptake is much less 
marked, the suggestion was made that insoluble copper phos- 
phate might be formed external to the root, thus rendering the 
copper non-available. 

The effect of the presence of other salts on the toxicity of 
copper to white lupins (Lupinus albus) was examined as long ago 
as 1903 by True and Gies who found that different salts had 
different effects. The presence of sodium chloride was found to 
increase slightly the toxic effect of cupric cliloride while calcium 
chloride reduced it and magnesium chloride had no effect. 
According to Kahlenberg and True (1896) the toxicity of copper 
towards white lupins is also reduced in the presence of sugar and 
potassium hydroxide. 

That the presence of other substances in the medium can 
modify the toxic effects of excess copper could be due to a 
reaction of the substance with copper in the medium reducing its 
availability, to an influence on the absorption of copper, or to 
some interaction with copper in the plant. These various possi- 
bilities still require examining. 

Molybbentjm 

Many determinations of the molybdenum content of soils in 
different parts of the world have been made in recent years. 
These show that generally the molybdenum content is very much 
less than that of other recognized essential trace elements. 
Analyses of soils in Great Britain, Finland, Russia and North 
America all indicate that the molybdenum content of soil is 
generally only a few parts per million. A number of soils in New 
Zealand were found by Kidson( 1954) to contain less than 1 p.p.m. 
of dry soil. Exceptionally, considerably higher contents have 
been found. Thus while Lounamaa found nearly all the soils in 
Finland he examined contained less than 10 p.p.m. of molyb- 
denum, one soil contained about 300 p.p.m. but that was near a 
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molybdenite mine. Bertrand (1940) found . the iiiolybdeimm 
content of soils in France ranged from 4-3 to 69 p.p.m. The soils 
of Somerset bearing the so-called ‘teart’ pastures were found by 
Lewis ( 1943 a) to have an unusually high content of iiiolybdenuin, 
namely, 20 to 100 p.p.m. The soils of Hawaii appear to have an 
unusually high molybdenum content, Fujimoto and Sherman 
(1951) finding these ranged from 8-9 to 73-8 p.p.m., the average 
of 79 samples being 25-8 p-p.m. 

With the content of molybdenum in the soil being generally so 
low it is to be expected that its concentration in the soil solution 
will be very low indeed. Barshad (1951a) reported that the water- 
soluble molybdenum of soils in California ranged from 0-3 to 
3-9 p.p.m. of dry soil, but these contents seem to be unusually 
high. Values for exchangeable molybdenum in Hawaiian soils, 
determined by Fujimoto and Sherman ( 1951) by extracting with 
ammonium acetate, ranged from zero to only 0-13 p.p.m. 

Using the bioassay method, Nicholas and Fielding (1950) 
found the available molybdenum in a soil at Long Ashton derived 
from New Red Sandstone was more than 0*5 p.p.m. of air dry 
soil while in a soil derived from the Devonian at St Ives, Cornwall, 
it was only from 0*015 to 0*03 p.p.m., and in a Lower Greensand 
soil from Bromham, Wiltshire, it was only 0*01 p.p.m. On these 
latter soils cauliflowers developed the whiptail symptoms of 
molybdenum deficiency, but on the first-named soil the plants 
were free from these symptoms. 

Molybdenum, alone of the trace elements, becomes more 
available in soil with increasing pH, for as Barshad (1951a) has 
indicated, the water soluble molybdenum of the soil increases with 
increasing pH. According to Amin and Joham (1958), as well as ’ 
soluble molybdates, molybdenum occurs in soils as three oxides, 
molybdenum trioxide MoOg, molybdenum dioxide M 0 O 2 ^ 
third oxide MogOg. The soluble molybdates are readily available 
to plants, and the trioxide, while not available as such, is readily 
rendered so by reaction with cations in the soil. The two lower 
oxides are not available. Hence oxidation of the lower oxides . 
tends to increase the availability of molybdenum while reduction ' 
tends to diminish the availability. The effects of oxidation and 
reduction on availability are thus the reverse of the effects of such . 
reactions in regard to the availability of manganese. Immediate 
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availability depends on the production of soluble molybdates" 
from molybdenum trioxide which, as we have seen, is favoured' 
by increasing pH. Acidifying the soil will, of course, have the ’ 
reverse effect, so that by so doing the toxic effects of molybdenum 
in plants growing on soils where it is present in excessive quantity , 
can be alleviated. Further reference will be made to this possi- 
bility in a later chapter. 

The contents of molybdenum in plants are for the most part 
low. For a number of New J ersey soils with molybdenum contents 
ranging from 0-8 to 3-3 p.p.m. the molybdenum content of 
lucerne (alfalfa) was recorded by Evans and Purvis (1951) as 
ranging from less than 0-1 to 1-4 p.p.m. of the dry weight. 
Fujimoto and Sherman (1951) found the molybdenum content of 
the vegetation on the Hawaiian soils they examined ranged from 
zero to 2-5 p.p.m. of the dry w'eight. There was no correlation 
between the molybdenum content of the plants and of the soils 
bearing them. Lounamaa found a wide variation in the molyb- 
denum content of plants in Finland. While in some there was no 
measurable amount of molybdenum by the method used, in 
many he found 10, 20, 30 or more p.p.m. of the ash. A few values 
of over 100 p.p.m. were found but these were rare. Since the ash 
content of the dry matter of plants varies so greatly it is not 
possible to make any direct comparison of Lounamaa’s results 
with others given above on a dry-weight basis, but if the ash 
content is taken as 15 per cent of the dry weight most of the 
molybdenum contents he found were of the same order of 
magnitude as those found by other investigators. 

It is quite clear that different species have different capacities 
for absorbing molybdenum. Lewis (19436) found the clovers 
(Trifolium spp.) and the grass Yorkshire fog {Holcus lanatus) 
growing on a molybdenum-rich soil contained much more 
molybdenum than other grasses growing in the same pastures 
(see Table 34, p. 187). Barshad (1948) also concluded that 
members of the Leguminosae had a greater capacity for accumu- 
lating molybdenum than plants of some other famihes. 

As with other nutrients absorption of molybdenum increases 
with increase in the level of its supply. An experiment of Fuji- 
moto and Sherman may be quoted to illustrate this. Sudan grass 
grown in pots of soil was treated with ammonium molybdate in 
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various quantities ranging from 2 to 20001b per acre. The 
molybdenum contents of the crops on three soils described as 
reddish broTO, dark magnesium clay and low humic latosol are 
shown in Table 24. 

Table 24. Effect of supplying molybdate at different levels to the 
molybdenum content of Sudan grass. (Data from Fujimoto and 
Sherman) 


Molybdemim content of crop (p.p.m.) 
on three soils 


Ammonium 


motybdate 


Dark 


supplied 

Reddish 

magiiesiuin 

Low humic 

(lb per acre) 

browu 

clay 

latosol 

0 

3*4 

4-0 

3-2 

2 

10-0 

4-0 

3-6 

20 

62*0 

28-0 

3-4 

200 

298-0 

225-0 

15*4 

2000 

— 

525-0 

30-0 


No doubt the ahsorption of molybdenum is affected by the 
presence of other substances in the medium . As regards calcium 
carbonate it has already been pointed out that by increasing the 
pH the molybdenum in the soil is rendered more available. That 
this does indeed result in an increase in the uptake of molyb- 
denum is shown by the observation of Barshad (19516) who found 
that by the addition of calcium carbonate to an acid soil with 
pH 4-7 the molybdenum content of plants on it was raised from 
7-4 to 23*2 p.p.m. 

Deficiency of sulphur in the medium of seedlings of rubber 
{Hevea brasiliensis) grown in sand culture was found by Bolle- 
Jones (1956) to lead to increased molybdenum content of the 
leaves. The molybdenum contents of sulphur-deficient leaves was 
3-38 p.p.m. of the dry weight, while that of the leaves of plants 
adequately provided with sulphur was only 1*40 p.p.m. 


CHAPTER VI 


THE FUNCTIONS OF TRACE ELEMENTS 
IN PLANTS 

That the trace elements are required by plants in very small 
amounts suggests that their function may be that of catalysts in 
vital reactions. At the same time it does not follow that this is 
their only function; they may form part of substances essential 
to the life of the plant other than catalysts but which are necessary 
in only small quantity. It is, however, now clear that all the 
generally recognized trace elements with the possible exception 
of boron, either form an integral part of certain enzymes or 
activate enzyme systems, at any rate when these are isolated 
from the living plant. Under such conditions it is frequently 
found that more than one metal may be capable of activating the 
same enzyme action and when this is so it would appear that no 
one of these can be regarded as essential for that particular action. 
Also it has to be borne in mind that the functioning of an element 
in the plant where many reactions are linked and interlocked may 
not be precisely indicated by the part it plays in an isolated action 
outside the plant. Nevertheless examination of the action of 
various elements, in activating enzyme actions in plant extracts 
and other dead plant material, has given valuable information 
on the functions of trace elements and in some instances is the 
most definite we have. 

As well as the part trace elements play in enzyme actions a 
variety of other functions have been ascribed to them. This is 
particularly so with manganese, zinc and boron but less so with 
copper and molybdenum. In this connexion it may possibly be 
significant that the first three trace elements are generally present 
in plants in a significantly higher concentration than the other 
two (of. Table 18, p. 129). 

A point worthy of note is that the effects of boron deficiency 
are generally of quite a different kind from those of the other 
trace elements. Warington (1923) thought that the function of 
boron in the broad bean was nutritive rather than catalytic. 
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With boron deficiency, as we have seen, the most characteristic 
effect is a breakdown of tliin-walled tissues, especially those of the 
meristematic regions, followed by degeneration of the vascular 
tissues, whereas with the other four well-established trace 
elements early external symptoms are generally localized 
chloroses, although these may precede more serious disturbances 
in growth such as those which lead, in the case of zinc and copper, 
to die-back of the terminal buds of the shoots. Nevertheless, 
chlorosis may also be a symptom of boron deficiency, as, for 
example, in tobacco (Van Sclireveii, 1934) and in sugar cane 
(Martin, 1934), while plants do not appear to require more boron 
than manganese. It is not very clear why a catalyst essential for 
the maintenance of normal metabolism and growth should not 
be regarded as fulfiilling a nutritive function. 

A suggestion was made some twenty-six years ago by 
Thatcher (1934) that the functions of various elements concerned 
with plant metabolism were related to their position in the periodic 
classification table. In the first place he pointed out that nearly 
all the elements which are known or have been suggested to have 
a function in plant nutrition are included in the first four periods 
or orbits of the periodic classification. These first four periods, 
with the atomic numbers* of the elements, are shown in Table 25. 
Of the elements shown in this table we may dismiss the inert gases 
of group 0. In the other groups there are a number of elements 
which so far have not been found essential for plants, but all the 
elements known to be necessary for plants are included in these 
first four periods with the one exception of molybdenum (period 5, 
group VI, atomic number 42). The heavier metals do not figure 
among elements necessary for plants. 

Thatcher’s classification of the elements in relation to their 
functions in the plant was based on the conception that 'green 
plants are the energy-absorbing and energy-storing agents of 
the cycle of life From this point of view he divided the elements 
into eight groups as shown in Table 26. 

It is not within the scope of the present discussion to consider 
the value of this scheme of classification, but we may note that 

* The atomic number is the number of free positive charges in the 
nucleus of the atom. Except for hydrogen it is very roughly half the 
atomic weight. 
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Table 25. The first four periods of the periodic classificatiorh 


Group 


Period 


II 

III 

IV 

V 

VI 

VII 

VIII 


O 

1 

H 

— 

— 

— 

— 

— 

— 

— , 


He 


1 









2 

2 

Li 

Be 

B 

c 

N 

0 

F 

— 


Ne 


3 

4 

5 

6 

7 

8 

9 



10 

S 

Na 

Mg 

A1 

Si 

P 

S 

Cl 

— 


A 


11 

12 

13 

14 

15 

16 

17 



18 

4 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe Co 

Ni 



19 

20 

21 

22 

23 

24 

25 

26 27 

28 



Cu 

Zn 

Ga 

Ge 

As 

So 

Br 

— — 

— 

Kr 


29 

30 

31 

32 

33 

34 

35 



36 


Table 26 . Thatcher's classification, of elements in plants 


Group 

Type 

Function 

Elements 

I 

— 

Energy exchange 

H, 0 

II 

Anion (or acid) group 
formers 

Energy storers 

C, N, S, P 

HI 

Cation (or base) formers 
with fixed valency 

Translocation regu- 
lators 

Na, K, Ca, Mg 

IV 

Cation (or base) formers 
vuth varying valency 

Oxidation-reduction 

regulators 

Mn, Fe (Co, 

Ni), Cu, Zn 

V 

Ampholytes with vary- 
ing valency 

Functions unknown 

B, Al, Si, As, Se 

VI 

Anion (or acid) formers 
with fixed valency 

Functions unknown 

Cl, F (Br, I) 

VII 

Cation (or base) formers 
with varying valency 

Perhaps those of 
group IV 

Co, Ni 

VIII 

Ampholytes 

Functions unknown 

Ge, Ga and 
other rare 
elements 


three of the well-established trace elements, manganese, copper 
and zinc, are placed, along with iron, itself often classed as a trace 
element, in one group, that of oxidation-reduction regulators. 
The fourth, boron, is placed in another group, one with unknown 
function, that of ampholytes of varying valency. At the time of 
publication of Thatcher’s paper molybdenum had not been 
recognized as a plant trace element. Further, it is not clear why 
the ampholytes of Thatcher’s group VIII, which included 
gallium, were separated from those of his group V, since in both 
the functions are listed as unknown. However this may be, 
Thatcher’s classification divides the trace elements into two 
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groups, the oxidation-reduction regulators including manganese, 
copper and zinc, and also iron, the other including boron of un- 
known function. With regard to the oxidation-reduction regu- 
lators Thatcher pointed out that if nickel and cobalt are included 
the group contains six elements with consecutive atomic numbers, 

, namely, 25-30. It is interesting to note that gallium, the essen- 
tiality of w^Mch for plants has been suggested, is the next element 
in the series with an atomic number of 3L This means that each 
successive member of the series differs as regards atomic structure 
from the element before it only by the addition of one electron 
to the proton nucleus. Whether this close coiinexion between 
•these elements really has any significance in respect of their 
physiological function it would be premature to say, but it is a 
fact that several of them have rather .similar chemical properties. 
Thatcher expressed the opinion that there was sufficient evidence 
to justify the opinion that manganese and iron on the one hand, 
and copper and. zinc on the other, were pairs of ^mutually co- 
ordinating catalysts for oxidation-reduction reactions^, the 
former, pair for reactions in which the addition or. removal of 
.oxygen is involved, the latter for reactions wdiich concern the 
transference of hydrogen.' As we shall see in the sequel there is a 
certain amount of experimental evidence in favour of at least one 
of these hypotheses. 

Frey-Wyssling (1935) also attempted to, find a relation between 
■ essentiality and position of elements in the periodic table. He 
used a table in which group 0 appeared both on the extreme left 
and the extreme right, but with each element of the group one 
period higher in the right than in the left column. If a line is 
: then drawn through the table from argon on the left to carbon 
and then on to argon on' the right, this line passes through or 
near the positions in the table of all the essential elements with 
the exception of hydrogen. This line Frey-Wyssling called the 
nutrient-line. This relationship expresses with greater precision 
the fact pointed out by Thatcher, that all the essential elements 
occur in: the first four periods of the periodic table. The farther 
the position of an element is from the nutrient-line the more 
toxic it is in general. It wiU be observed' that essential elements 
occur in all groups I-VIII. 

A discussion on the relation between the biological essentiality 
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of the elements and their atomic structure was contributed by 
Steinberg (1938c). When considered from the point of view of 
their position in the periodic table Steinberg concluded that three 
and no more than three essential elements were to be found in 
each group. Where less than three essential elements were known 
to exist in a group there was a presumption that the missing ones 
were yet to be found. However, Steinberg considered that cor- 
relations between essentiality and atomic structure could best 
be shown by tabulating the elements on the basis of their transi- 
tion subshell, those in which the electron numbers have under- 
gone a regular change in the formation of the elements and wliich 
largely determine the chemical properties of the latter. From 
such considerations Steinberg made certain deductions regarding 
the relationship between essentiality and atomic structure 
and of the possible essential elements not yet recognized 
as such. Thus the non-essentiality of silicon was indicated, 
while the possibility of columbium as an essential element 
was suggested. Steinberg’s conclusions only claimed to be very 
tentative. 

Since deficiencies of manganese, zinc and copper character- 
istically induce chlorosis, it is understandable that they have 
been held to be concernedin chlorophyll formation (of. McHargue 
1923, 1926a; Bishop, 1928). They have also been thought to act 
as catalytic agents in photosynthesis (see, for example, Stoklasa, 
1911 ; McHargue, 1923 ; Dufrenoy and Reed, 1934). Support for 
this view was forthcoming from work by Emerson and Lewis 
(1939), who found that when the trace elements of Arnon’s 
groups A 4 and B 7 (see p. 1 1 ) were added to the culture medium 
of Ohlorella pyrenoidosa not only was the rate of growth of the 
alga increased but the amount of photosynthesis per unit 
quantity of light absorbed was also increased. The trace elements ' 
were added in two groups, those of Arnon’s A 4 group -I- molyb- 
denum, now denoted by the symbol A 6, and those of Arnon’s 
B 7 group without molybdenum, this group now being denoted 
B6. The addition of the A 5 group was more eiffective than the ‘ 
B 6 group, and the addition of A 5 -h B 6 more effective than either > 
alone. It would thus appear that the trace elements play some 
part in the photosynthetic process, probably as essential con- 
stituents of enzyme systems involved. 
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Some observations of Steinberg ( 1 942) may be mentioned here. 
Starting from the observation that when nitrogen was supplied 
only as nitrate the growth of the fungus Aspergillm niger was 
lessened in air deprived of carbon dioxide, he examined the effect 
of removal of carbon dioxide on the growth of this fungus in 
absence of various micro-nutrients. Under these conditions 
omission of zinc, copper or manganese from the culture medium 
reduced the growth of the fungus proportionately more when 
carbon dioxide was absent than when it was j>reseiit. Steinberg 
concluded that the trace elements probably play a specific part 
in the utilization of carbon dioxide by A, niger, and compared 
this with the conclusion of Emerson and Lewis on the part they 
play in the utilization of carbon dioxide in green plants. Inci- 
dentally, Steinberg called attention to the significance of this 
similarity in regard to the question of the validity of the sugges- 
tion of Ruben and Kamen that carbon dioxide utilization by 
micro-organisms is essentially the same process as the dark or 
Blackman reaction in photosynthesis. 

So far the functions of the trace elements in general have been 
considered. The specific functions of the individual trace elements 
will now be dealt with. 

Manganese. The view has been very generally held that 
manganese is related to oxidation in the plant. Bertrand (1897), 
as we have seen, first called attention to the importance of man- 
ganese when he concluded that it was essential for the action of 
the oxidizing enzyme laccase. Later he maintained that it was 
essential for the action of oxidizing enzymes in general. Later 
work has not supported the view that manganese is generally 
involved in the action of oxidizing enzymes but has left no doubt 
that it is concerned in the respiration process. The oxidation of 
carbohydrate to carbon dioxide and water, which is the most 
usual type of respiration in plants, involves a long series of re- 
actions, each one of which, with only one or two possible excep- 
tions, is catalysed by an enzyme. These reactions are conveniently 
grouped into first glycolysis, a chain of reactions involving the 
phosphorylation of hexose sugar and its subsequent degradation 
to a three-carbon atom compound pyruvic acid,*** CH3.CO. 

* All references to acids are to be regarded aa including their salts; 
thus any reference to pyruvic acid applies equally well to pyruvates. 
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COOH, and secondly a cycle of reactions, the tricarboxylic acid 
or Krebs cycle, by which the pyruvic acid first condenses with 
oxaloacetic acid to give citric acid and carbon dioxide, after 
which the citric acid gives rise through a series of oxidations and 
decarboxylations to carbon dioxide and water with the re- 
formation of oxaloacetic acid.* It is now known that many of 
the reactions involved in glycolysis and the Krebs cycle are 
activated by manganese although with many of them activation 
can also be effected by some other ion, usually a divalent one, 
particularly magnesium, at any rate in vitro. For a few of the 
actions, however, manganese appears to be essential. This may 
be so with some enzymes of the Krebs cycle. One such is malic 
dehydrogenase which brings about the oxidation of malic acid 
(COOH.CHOH.CHg.COOH) to oxaloacetic acid (COOH.CO. 
CHg . COOH). An enzyme, oxaloacetic carboxylase, which effects 
the removal of carbon dioxide from oxaloacetic acid to produce 
pyruvic acid, and which appears to be generally associated with 
malic dehydrogenase in higher plants, also appears to require 
manganese for its action. It may be that both these actions are 
mediated by the same single enzyme but if this is so it appears to 
be distinct from a second enzyme known as the malic enzyme 
and shown to be widely distributed in plants and which also 
effects the production of pyruvic acid from malic acid. This 
enzyme also requires manganese for its action but in vitro it has 
been found that the manganese can be replaced by cobalt. 

Another enzyme operating in the Kxebs cycle which is likewise 
dependent on manganese which can be replaced by cobalt is oxa- 
losuccinic decarboxylase which brings about the separation of 
carbon dioxide from oxalosuccinic acid (COOH . CO . CH(COOH) . 
CHg.COOH) with the production of a-ketoglutaric acid 
(COOH. CO. CH 2 .OH 2 . COOH). Yet Nason (1952) found the 
activity of this enzyme in extracts of tomato leaves deficient in 
manganese was twice that of extracts from normal leaves. 

Among the enzymes concerned in the glycolytic stage of 
respiration the activation of which can be brought about by 
manganese or some other metallic ion are hexokinase which 

For a brief account of the series of reactions involved in respiration 
see W. Stiles and W. Leach, Mespiration in Plants (fourth edition, 
London, 1960). 
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brings about the phosphorylation of hexose to procince hexose- 
6-phosphate, phosphoglucomiitase which converts glucose- 1- 
phosphate, obtained from the breakdown of starch, to ghicose-6- 
phosphate, and enolase which catalyses the withdrawal of water 
from 2-phosphoglyceric acid to produce 2-phosplioenolpyruvic 
acid, the precursor of pyruvic acid. Of enzymes catalysing re- 
actions in the Krebs cycle which are activated by manganese or 
some other metal there are the condensing enzyme by which 
citric acid is produced from oxaloacetic acid, isocitric dehydro- 
genase which catalyses the formation of oxalosuccimc acid from 
isocitric acid, and a-ketoglutaric oxidase (dehydrogenase or 
decarboxylase) which effects the oxidation of a-ketoglutaric 
acid to succinic acid with production of carbon dioxide. Although 
some other ions can replace manganese ions as activators of these 
reactions, manganese is generally the most effective and appears 
to be the metal of major importance in the tricarboxylic acid 
cycle. As with oxalosuccinic dehydi’ogenase Nason found the 
activity of isocitric dehydrogenase in extracts from manganese- 
deficient tomato leaves was twice that of extracts of normal 
leaves. 

Another enzyme concerned in respiration which was found to 
require manganese, at any rate in soya beans, is carboxylase 
(pyruvic decarboxylase). This is the enzyme which brings about 
the removal of carbon dioxide from pyruvic acid with formation 
of acetaldehyde, and is the means by which carbon dioxide is 
produced in anaerobic respiration or fermentation. 

Not only is manganese an activator of enzymes catalysing 
various stages in respiration ; it has also been found to be con- 
cerned with enzymes playing a part in nitrogen metabolism. 
A flavoprotein enzyme which brings about the reduction of 
nitrite to hydroxylamine, a supposed early stage in the synthesis 
of amino acids and proteins, was found in leaves of soya bean by 
Nason, Abraham and Averbach (1954) and for its action man- 
ganese was found to be essential. Another enzyme requiring 
manganese, which was identified in both algae and higher plants 
by Stumpf and collaborators (1950, 1951) brings about a reaction 
between hydroxylamine and the amide glutamine : 

COOH . CHNH^ . CH^ . CHg . CONH^ + NH^OH 

■ . COOH . CHNHg . GHa . CHaCONHOH + NH^ 
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An enzyme requiring either manganese or magnesium and 
concerned in nitrogen metabolism was isolated from peas by 
Elliott (195S). This enzyme was found to catalyse two reactions, 
the first being the production of the amide glutamine from the 
amino acid glutamic acid and ammonia, the second the pro- 
duction of glutamine or glutamohydroxamic acid by the transfer 
of the y-glutamyl group to ammonia or hydroxylamine respec- 
tively. But whereas magnesium was found to be more effective 
than manganese in effecting the first of these reactions, the 
reverse was the case with the second. 

A number of enzymes concerned in the breakdown of peptides 
also require the presence of a metal. Generally activation of these 
peptidases can be effected by more than one metal and these 
generally include manganese. Among such are peptidases 
obtained from cabbage, spinach, barley and jackbean. For the 
action of one peptidase, prolidase, which catalyses the production 
of proline fromglycylproline, manganese appears to be specifically 
necessary. 

These observations on the activation of enzymes in vitro 
indicate that manganese plays an essential part in respiration 
and nitrogen metabolism. It has also been suggested that of the 
enzymes concerned in the Krebs cycle the malic enzyme and iso- 
citric dehydrogenase may also operate in photosynthesis acting 
in the reverse direction so that malic acid is produced from 
pyruvic acid and isocitric acid from a-ketoglutaric acid. 

While most of the oxidases, the enzymes which effect oxidation 
by means of molecular oxygen, contain either iron or copper, one 
has been reported by Humphreys ( 1955 ) as occurring in wheat 
embryos which brings about the oxidation of coenzyme 2 or TPN 
(triphosphopyridine nucleotide) in its reduced form (TPNH) and 
which requires manganese for its action. An enzyme system 
bringing about the oxidation of auxin (indoleacetic acid) which 
has been called indoleacetic oxidase has also been reported as 
requiring manganese for its action. According to Waygood, Oaks 
and MacLachlan this system is a complex one, the actual oxida- 
tion of the auxin being brought about by the catalytic action of 
trivalent manganese ions. The oxidation of dihydroxymaleic 
acid by a peroxidase described by Theorell and Swedin (1939) 
was also held by them to require manganese for its activation. 
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Some of the observed effects of manganese in plant activities 
conld be expected from the relation of this element to enzyme 
actions. Thus Lundegardh (1939) found the respiration of wheat 
roots as measured by oxygen absorption was increased hj from 
165 to 470 per cent by the addition of 0-00006M manganese 
chloride to the medium. In Aspergillus niger Chesters and 
Rolinson (1960) found that partial deficiency of manganese 
resulted in a reduction in the rate of oxidation of carbohydrate 
with concomitant increase in the production of organic acids. 
Shortage of other nutrients could, however, produce a similar 
result. Anderson and Evans (1966) found that the activities of 
isocitric dehydrogenase and the malic enzyme in extracts from 
plants of the dwarf bean {Phaseolm vulgaris) depended on the 
manganese supply. When nutrient solutions ooiitained an 
excessive amount of manganese the activities of these enzymes 
was much greater than in extracts from plants grown in solutions 
containing a sufficiency, but not excess, of manganese, although 
the activity of these enzymes was not further reduced as a result 
of a deficiency of manganese in the culture solutions. As regards 
isocitric dehydrogenase it has already been noted that manga- 
nese can be replaced by magnesium. Possibly in the manganese- 
deficient plants the manganese content was yet sufficient for the 
functioning of the malic enzyme or perhaps some unknown metal 
might have replaced manganese as acti vator. 

In regard to nitrogen metabolism Burstrom (1939) came to the 
conclusion that the assimilation of nitrate by whole wheat roots 
or by wheat root pulp did not take place in the absence of man- 
ganese and iron, but that when manganese was present in low 
concentration the assimilation of nitrate took place both with 
whole roots and root pulp, the maximum effect being produced 
with about 4 mg manganese per litre with whole roots and about 
12-3 mg per litre with pulp. Without added manganese the 
addition of iron brought about feeble nitrogen assimilation of 
whole roots but not of pulp, and even this assimilation by whole 
roots was ascribed by Burstrom to its effect on respiration and 
ion uptake. His general conclusion was therefore that man- 
ganese, and not iron, directly catalysed nitrate assimilation. 

The work of J ones, Shepardson and Peters (1949) also demon- 
strated the dependence of nitrate assimilation on manganese. 


TRACE ELEMENTS IN PLANTS 163 

Soya bean plants were grown in nutrient solutions or in solutions 
of calcium nitrate, some with and some without manganese. The 
solutions were covered with a layer of oil in order to exclude 
oxygen. Under these conditions the plants supplied with man- 
ganese appeared normal and nitrite did not accumulate, whereas 
the leaves of plants not receiving manganese became yellow, the 
roots turned brown and large quantities of nitrite accumulated. 
The yellowing of the leaves was considered to be a symptom of 
nitrogen deficiency and the browning of the roots to be due to 
shortage of oxygen, while the accumulation of nitrite indicated 
a failure of its reduction, this leading to the nitrogen shortage in 
the leaves. Tliis result was to be expected from the lack of 
activation of nitrite reductase which, as noted earlier, was 
demonstrated in soya bean leaves and shown to require man- 
ganese for its activation. 

Observations by Heintze (1956) also indicated a disturbance 
in normal nitrogen relations in peas as a result of manganese 
deficiency. She found the amino acid content of peas exhibiting 
the manganese-deficiency symptom of marsh spot was higher 
than that of normal peas, while addition of zinc as zinc sulphate 
or molybdenum as sodium molybdenate both intensified the 
deficiency symptoms and increased the amino acid content of the 
peas. There is here no suggestion that shortage of manganese 
has inhibited the action of nitrite reductase and the result might 
be related to lack of activation of peptidase. But in the complex 
system of the cell there must be interactions between various 
substances which bring about changes not immediately predict- 
able from actions observed in in vitro experiments; and this may 
be so here. 

Several examples of this, as regards the effect of manganese on 
a number of enzyme actions, can be cited. For example, Bailey 
and McHargue (1944) examined the effect on the activity of a 
number of enzymes in extracts of lucerne (Medicago sativa) 
plants grown in water cultures supplied with manganese and 
some other micro-nutrients in different concentrations. Man- 
ganese was supplied in two concentrations, 1 and 2 p.p.m. 
Manganese at both levels of supply brought about a reduction 
in the activity of oxidases, catalase and sucrase, while with the 
weaker solution peroxidase activity was increased over that 
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resulting with the control without added inaiigaiiese, while with 
the stronger solution peroxidase activity was unaffected. With 
rice grown in water cultures containing manganese in concen- 
trations ranging from 1 to 50p.p.m. Pattanaik (10506) found 
with the leaves a maximum activity of catalase when the 
manganese content of the medium was 5 p.p.iii. while with the 
roots maximum activity of this enzyme wais observed with 
manganese in a concentration of 1 p.p.m. 

In an earlier chapter attention called to the importance of 
the iron/manganese ratio in determining the incidence of 
symptoms of manganese deficiency or excess. A number of 
workers have seen in this an indication that a function of man- 
ganese in plants is to be found in its relation to the oxidation and 
reduction effected by iron salts. Thus Hopkins (1930), from 
observations on the growth of the unicellular green alga Chlorella, 
held that manganese brought about the reoxidation of iron after 
its reduction in the plant to the ferrous state; if the amount of 
manganese in the plant was deficient there resulted too high a pro- 
portion of ferrous iron, while if manganese was present in excess 
the reduction of ferric iron was prevented and the concentration 
of ferric iron was too high. In either condition the oxidation- 
reduction processes of the cell involving iron were disturbed. 

This view of the relation between manganese and iron in the 
plant was dealt with in more precise terms by Shive (1941). This 
writer made two important points in this connexion, the first 
that the active functional iron in the tissues is in the ferrous state, 
the second that the oxidizing potential of manganese is higher 
than that of iron. Shive held that if iron is absorbed in the ferric 
state much of it is reduced in the plant by powerful reducing 
systems unless this is prevented by a counter-reactant. The 
manganese functions as such a counter-reactant, oxidizing 
ferrous to ferric iron which is precipitated, probably in organic 
complexes. Hence, if manganese is deficient in the plant, there 
wifi be an excess of active ferrous iron which induces chlorosis, 
a chlorosis due to iron toxicity. On the other hand, if the con- 
centration of manganese is high the concentration of active 
ferrous iron is low, and if too low a chlorosis due to iron shortage 
will result. Thus it is necessary for healthy growth that the pro- 
portion of iron to manganese should lie within certain limits, and 
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SMve concluded that, for the species investigated by him, the 
ratio of active iron to active (soluble) manganese in the plant 
should lie between 1-5 and 2-5. This conclusion was derived' from 
the results of experiments with soya bean carried out by Somers 
and SMve (1942) and described earlier (p. 120). 

In further support of the oxidation-reduction hypothesis out- 
lined above, Somers and Shive mentioned a series of tests carried 
out with maize seedlings in which cobalt was substituted for 
manganese. The oxidation potential of cobalt is higher than that 
of manganese, so it should, on the hypothesis, have a greater 
tendency than manganese to lessen the metabolic efficiency of 
iron by effecting the oxidation of the latter to the insoluble ferric 
state, and tliis, Somers and Shive state, w^as so. 

The oxidation-reduction system hypothesized by Shive was 
questioned by Hewitt (1948a, b) since it would not explain why 
some other metals such as copper can also induce iron deficiency 
and the resulting chlorosis, which might be due, as suggested 
by Hewitt and Sideris and Young (1949), to competition with 
and replacement of iron by another metal in actions normally 
leading to the formation of chlorophyll, the production of which 
is thereby inhibited. 

Zinc. As far as is known at present zinc enters into consider- 
ably fewer enzyme systems than does manganese. The first 
enzyme to be recognized as containing zinc as an essential part 
of its molecule was carbonic anhydrase which catalyses the de- 
composition of carbonic acid to carbon dioxide and water: 
HgCOg^ COg + HgO. The presence of zinc in this enzyme 
obtained from animal sources was shown by Keilin and Mami in 
1940. The presence of the enzyme in plants was first shown by 
Neish (1939) who demonstrated its presence in protoplasm and 
chloroplasts of wild red clover {Trifolium pratense) and the fern 
Onodea sensibilis. Subsequent work has shown it to be widely 
distributed throughout the plant kingdom. According to Way- 
good and Clendenning (1950) carbonic anhydrase occurs in the 
cytoplasm of land plants and in the chloroplasts of aquatics. 

According to Vallee, Hoch, Adelstein and Wacker (1956) 
another enzyme containing zinc or dependent on zinc for its 
action is triosephosphate dehydrogenase, which is concerned in 
the oxidation and further phosphorylation of phosphoglyceric 
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aldehyde with the production of diphosphoglyceric acid, an 
essential step in the glycolysis of carbohydrate in the respiration 
and fermentation processes, 

; Zinc has been found to be an essential constituent of some 
enzymes present in fungi. Thus, according to Vallee and Hoch 
(1955) this element is an essential constituent of the alcohol 
dehydrogenase of yeast, and Nason, Kaplan and Colowick (1951) 
and Nason, Kaplan and Oldewurtei (1953) found zinc-deficient 
mycelia of Neurospora crassa were devoid of alcohol dehydro- 
genase activity. From this same fungus Medina and Nicholas 
(1967) obtained a liexokinase (see p. 149) for which the presence 
of zinc was essential. Zinc has been found to be among the metals 
which will activate aldolase, the enzyme catalysing the splitting 
of fructose diphosphate to two triosephosphates, and enolase 
(see p. 150) of yeast. 

Zinc, like manganese, can affect the activity of enzymes for 
which its presence is not essential. Bailey and McHargue (1944) 
found the activity of peroxidase, catalase and oxidase in lucerne 
were all increased by the addition of zinc in concentrations 
ranging from 0*5 to 2 p.p.m, to the solutions in which the plants 
were growing, maximum activity resulting when the zinc con- 
centration was 1 p.p.m. The effect of zinc on sucrase activity was 
the reverse, and minimum activity of this enzyme occurred with 
this same zinc concentration. 

With a fumaric-acid-producing strain of the fungus Mhizopus 
nigricans Foster and Denison (1950) found that the carboxylase 
activity of the expressed juice of zinc-deficient mycelia was 
negligible, whereas the juice from mycelia with an adequate zinc 
supply possessed a high carboxylase activity. This difference 
was reflected in the intensities of fermentation by the respective 
mycelia, that of the plants with adequate zinc being from 7 to 
10 times that of the zinc-deficient mycelia. 

An effect of zinc on the production of the iron-containing cyto- 
chrome c in the smut Ustilago sphaerogena was recorded by Grimm 
and Allen (1954). As the concentration of zinc in the medium 
was increased up to 1 p.p.m. so was the production of cytochrome 
c when ammonium nitrogen was present. 

If zinc is essential for the action of triosephosphate dehydro- 
genase, a stage in glycolysis, it may be expected that deficiency 
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of zinc will involve a disturbance in the oxidation processes of 
the plant, although zinc is not a constituent of the actual oxi- 
dases. It has indeed been suggested that zinc is concerned in 
oxidations in the plant, but if the effects of zinc deficiency 
described below are related to suppression of the action of triose- 
phosphate dehydrogenase, the connexion is quite unclear. 

That zinc was concerned in oxidation-reduction reactions was 
the conclusion reached by Reed and Dufrenoy (1935) mainly as 
a result of their microscopical examination of mottled leaves of 
Citrus, They concluded that zinc was concerned with the func- 
tioning of sulphydryl compounds such as cysteine in their 
regulation of the oxidation-reduction potential within the cells. 
We have already noted that they found that the stromata of the 
chloroplasts in the palisade cells of such leaves were often rich in 
fat, while the vacuoles contained phenolic material and phyto- 
sterol or lecithin, which were absent from normal leaves. Reed 
and Dufrenoy interpreted these substances as suboxidized 
products of carbohydrates and proteins, and their presence 
suggested a disturbance in the oxidation-reduction potential 
within the leaf cells. 

For the view that the maintenance of the oxidation-reduction 
potential at its normal level depends on sulphydryl compounds 
the following arguments were advanced. First, Hopkins and 
others have shown that such compounds appear to be present in 
all living cells and may control oxidation and reduction processes. 
Secondly, the oxidation of cysteine to cystine is catalysed by 
metals.^ Tliirdly, Giroud and Bulliard have shown that zinc 
has a specific effect in stabilizing the nitroprusside colour reaction 
of the sulphydryl (SH) group, f Reed and Dufrenoy also referred 

* It is stated, however (cf. Meldrum, 1934), that the most active 
metals are iron, copper and manganese. 

f This test, due to Momer, consists in adding a 5 or 10 per cent solu- 
tion of sodium nitroprusside rendered alkaline with ammonia to the 
liquid to be tested, and shaking. A violet colom% which soon fades, is 
produced if a cysteine peptide such as glutathione is present. Some other 
substances, including creatinine and acetone, give somewhat similar 
colours. According to Giroud and Bulliard the addition of salts of zinc 
gives a red colour much more stable than the violet colour of the reaction 
as usually produced. It appears to be quite specific for the sulphydryl 
group and is not given by either creatinine or acetone. 
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to Maze’s finding that roots of maize grown in a culture solution 
deficient in, though not completely free from, zinc, contained 
sulphides in the ash, indicating that the sulphur iiietaboiism of 

the plant was adversely affected. 

Chandler (1937) pointed out that zinc deficiency lias its most 
serious effects in plants where carbohydrates have accumulated, 
and he suggested that zinc deficiency brings about inhibition of 
some process of carbohydrate transformation. This, as Reed 
(1938). suggested, may mean that zinc catalyses oxidation pro- 
cesses which in its absence may run the other way. 

Following on their earlier work, Reed and Dufrenoy (1942) 
made a cytological study of catechol aggregates ivMch arise in 
the vacuoles as a result of zinc deficiency . They considered that 
they form by the process called coacervation, in which disperse 
phase particles of the colloidal system constituting the vacuole 
become aggregated into spherical masses. This process was 
regarded as something more than a separation of phases, as 
the aggregates become surrounded by a precipitation membrane 
composed of orientated molecules of a phospholipid. Tests for 
oxidase showed (Dufr6noy and Reed, 1942) that these aggregates 
are not only centres of catechol derivatives, but also for catechol 
oxidase activity. 

Reed and Dufrenoy concluded that the vacuolar sap contains 
both oxidizable phenolic compounds and catechol oxidase cap- 
able of catalysing the oxidation of these compounds. Normally 
this oxidation is prevented owing to the presence of hydrogen 
donators which may include the ascorbic-dehydroascorbic acid 
system, dihydroxymaleic acid, cysteine and glutathione. During 
the earlier part of the growing season the relatively high concen- 
tration of hydrogen donators in the cell protects the catechol 
compounds from oxidation and they remain dispersed through- 
out the vacuole. With the approach of senescence, or with 
nutrient deficiency such as a shortage of zinc, the oxidation- 
reduction equilibrium is disturbed and coacervation results, the 
process, according to Reed and Dufrenoy, being a ' simple con- 
sequence of a gradient in the distribution of cations and correla- 
tive distribution of polyphenol oxidase’. They further supposed 
that a difference in electrical potentials will exist between the 
aggregations and the surrounding medium, since the former are 
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foci for cateoliol oxidase, and that there will therefore be a 
tendency for cations to move into the coacervate, and this in 
turn will greatly influence the intake of dissolved material by the 
cell and consequent derangement of metabolism. 

A somewhat more precise suggestion of the way in which zinc, 
through its effect on oxidation-reduction systems, may affect 
giwth, was put forward by Skoog (1940). Experiments made 
and described by this worker on tomatoes and sunflower grown 
in zinc-deficient culture solutions indicated a connexion between 
zinc and the production of auxin. Terminal buds and stems of such 
zinc-deficient plants appeared to contain no auxin or only a trace 
of it. Appreciable amounts were, however, found to be present 
in the leaves, although less than in leaves of control plants pro- 
vided with an adequate supply of zinc. The visible symptoms of 
zinc deficiency only appeared after the decrease in auxin content, 
and if plants in an extreme state of zinc deficiency were supplied 
with zinc, the auxin content of these plants increased consider- 
ably in one to a few days, while growth was resumed after the 
passage of several more days. These observations suggested that 
zinc was necessary for the maintenance of a normal auxin content. 

Skoog also placed sections of stems from zinc-deficient and 
control plants, from which auxin had previously been removed, 
on agar blocks containing a known concentration of indole-3- 
acetic acid, and found that always more of this growth hormone 
was inactivated in the blocks in contact with tissue from zinc- 
deficient plants than in the blocks in contact with control tissue. 
This suggested that deficiency of zinc brought about excessive 
destruction of auxin, an effect attributed to an increased oxida- 
tive activity of the tissues, since these displayed increased 
capacity to oxidize benzidine in presence of hydrogen peroxide. 
That zinc functions as a catalyst in relation to oxidation- 
reduction processes in the cell is thus again indicated, while its 
relationship to auxin maintenance suggests why zinc deficiency 
may lead to retardation or cessation of growth. 

Later work by Tsui (1948) indicated that the effect of zinc 
deficiency on auxin was to prevent its formation rather than to 
induce its destruction. Tsui found that the auxin content of 
tomato plants grown in culture solutions supplied with zinc 
increased progressively with the age of the plant but in cultures 
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without zinc the auxin: content decreased with age and this 
occurred before there was any faUing off in growth rate or any 
visual symptoms of zinc deficiency. Dried material was found to 
contain two kinds of bound auxin, one acid stable and alkaline 
labile, the other the reverse. In plants with an adequate zinc 
supply the former kind increased with the growth of the plant 
while the alkaline stable kind remained practically constant. In 
zinc-deficient plants, on the other hand, both kinds decreased as 
the plants grew older. Addition of zinc to the culture solution 
resulted within two days in an increase in the content of free 
auxin and enzyme-digestible auxin, which was followed after 
another two days by inci'ease in the quantity of the bound auxins. 
Indoleacetic acid is closely related chemically to tryptophane and 
this amino acid is commonly regarded as a precursor of auxin. It 
was therefore significant that Tsui found the tryptophane content 
of zinc- deficient plants considerabty less than that of plants ade- 
quately supplied with zinc, and that addition of zinc to a pre- 
viously zinc-deficient culture solution was followed in three days 
by increase in the tryptophane content of the plants. It was 
therefore concluded that zinc was essential for the synthesis of 
tryptophane and so only indirectly for the synthesis of auxin. 
That zinc was not necessary for the formation of auxin from 
tryptophane was indicated by the results of experiments in which 
disks of leaf tissue were provided with tryptophane. The pro- 
duction of active auxin from this was then the same in both 
normal and zinc-deficient tissue. 

In the fungus Neurospora crassa also it was found by Nason 
and his collaborators (1950, 1951, 1953) that zinc was required 
for the production of tryptophane. Here it was supposed that 
absence of zinc prevented the formation of tryptophane from 
indole and serine by the action of an enzyme which required 
zinc for its formation but not for its action since addition of zinc 
to the medium or to extracts of the fungus did not activate the 
enzyme. 

Copper. Several plant enzymes are known which contain 
copper. These are polyphenol or catechol oxidase, tyrosinase, 
laccase and ascorbic acid oxidase. These are all enzymes which 
bring about the oxidation of organic compounds by means of 
molecular oxygen. 
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Tlio first oiizyni© shown to contain copper was polyphenol 
oxidase, an enzyme or group of similar enzymes widely distri- 
buted in plants. The presence of copper in the enzyme was 
shown by Kubowitz (1937) for the oxidase present in potato 
tuber and by Keilin and Mann (1938) for the similar oxidase 
present in the cultivated mushroom {Agaricus campestris). The 
enzyme, in fact, appears to be a copper-protein compound con- 
taining not less than 0*30 per cent of copper. 

Catechol or polyphenol oxidase catalyses the oxidation of 
compounds with the orthodihydroxyphenol grouping such as 
catechol and pyrogallol. In the presence of the enzyme and a 
low concentration of catechol a number of other substances such 
as guaiacum, benzidine and ascorbic acid are also oxidized which 
are not oxidized by the pure enzyme alone. These further oxi- 
dations may require the presence of some substance such as 
orthoquinone, produced by the oxidation of catechol in the 
primary reaction, so the presence in plant tissues of a substance 
either of the catechol or orthoquinone type along with the oxidase 
would make possible the oxidation of a wide range of phenolic 
compounds. 

Tyrosinase is the name given to an enzyme which has been 
known for sixty years to catalyse the oxidation of the phenolic 
amino acid tyrosine and some other phenolic compounds. As 
these include monohydric phenols the enzyme has also been 
called monophenol oxidase. There is some doubt whether tyro- 
sinase is distinct from polyphenol oxidase, it having been sug- 
gested that the oxidation of tyrosine is brought about by a 
secondary reaction resulting from polyphenol oxidase acti vity as, 
for example, by orthoquinones produced in that action. That tyro- 
sinase contains copper was shown by Nelson and Dawson (1944). 

Laccase is an enzyme which catalyses the oxidation of di- 
phenols uroshiol and laccol which are present in the latex of the 
lacquer trees Bhus succedanea and B. nucifera. As mentioned 
earlier G. Bertrand considered that this enzyme was activated by 
manganese but Keilin and Mann (1939, 19406 ) found it to be, like 
polyphenol oxidase, a copper-protein compound containing 
about 0* 2 per cent of copper. 

Ascorbic acid oxidase, which catalyses the oxidation of 
ascorbic acid, is widely distributed in plants. That it is a copper- 
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protein compound was shown by Lovett- Janisoii and Nelson 
(1940) and Meiklejohn and Stewart (1941), According to Bmin 
and Dawson (1951) the copper content is about 0-26 per cent. 

Two of these copper enzymes, polyphenol oxidase and ascorbic 
acid oxidase, and a possible third, tyrosinase, have been held to 
be terminal oxidases in respiration; that is, they catalyse the 
actual oxidation in the last stage of aerobic respiration in which 
hydrogen is removed from reduced coenzymes produced during 
the Krebs cycle to give the water which is one of the final pro- 
ducts of respiration. Materials in which polyphenol oxidase has 
been thought to act as a terminal oxidase are potato tubers and 
apples, while among materials in which it has been suggested that 
ascorbic acid oxidase is a terminal oxidase are barley seedlings, 
apple fruits and swedes. To what extent these copper enzymes are 
terminal oxidases has been a matter of some controversy, the 
more general opinion being that the most usual terminal oxidase 
is a cytochrome system which contains iron, although it may be, 
as James (1953) concluded was the case for barley, that as the 
plant grows older cytochrome oxidase may be replaced by 
ascorbic acid oxidase as the terminal oxidase of respiration. 

Catechol oxidase from Atropa belladonna would appear also to 
catalyse the oxidation of amino acids and secondary amines, 
according to James, Roberts, Bee vers and de Kock (1948) and 
Beevers and James (1948). The actual oxidation would appear to 
be effected by the orthoquinones produced in the oxidation of 
polyphenols. 

In line with the presence of copper in these oxidases is the 
finding of Bailey and McHargue (1944) that the oxidase activity 
of tomato leaves and fruits of plants grown in water cultures 
containing copper in concentrations ranging from 0-0 to 0*1 p.p.m. 
increased with increase in the copper concentration. 

Like manganese copper can affect the activity of enzymes not 
depending on copper for their activation. Bailey and McHargue 
found with the leaves of tomato plants that the activity of sucrase, 
catalase and peroxidase was greater when the concentration of 
copper in the culture solution was 0*01 p.p.m. than when it was 
higher. With the fruits sucrase activity increased with increase in 
copper concentration over the range 0*01 to OT p.p.m, while 
catalase' 'and peroxidase activity decreased with increase in 
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copper concentration OYer tMs range, the decrease being greater 
with catalase than with peroxidase. 

There is evidence that copper is concerned with the oxidation 
of iron in the plant. Erkama (1947, 1950), who determined the 
copper, iron and manganese contents of fifteen different species of 
flowering plants, decided that the ratio of copper to iron varied 
less than did that of manganese to iron over the range of plants 
examined, the ratio of copper to iron ranging from 0*033 to 0*181 
while that of manganese to iron ranged from 0*31 to 9*16. 
Erkama also found that copper was strongly bound to the proto- 
plasm while manganese appeared to dialyse easily from the cell. 
With peas he found that copper-deficient plants grown in sterile 
water cultures contained less iron than those supplied with 
copper. This contrasted with the effect of manganese deficiency 
w^hich had the effect of increasing the iron content of the plants. 
Erkama considered that copper in the protoplasm oxidized 
ferrous iron to the insoluble ferric state so that it ceased to be 
active, playing much the same part in relation to iron as man- 
ganese played in the vacuole. 

A relationship between copper and iron was also reported by 
Brown and Holmes (1955), but different plants were found to 
exhibit different behaviour in this respect. In maize, deficiency 
of copper resulted in accumulation of iron throughout the plant, 
the addition of copper to the soil reducing the uptake of iron. 
This result contrasts with that recorded by Erkama for peas. 
Differences between different plants in the effect of copper on 
iron metabolism were also recorded by Brown, Holmes and 
Specht (1955), who found that with increasing phosphate supply 
together with copper the absorption and utilization of iron in a 
variety of soya bean, PI~546 19-5-1, decreased while wheat and 
another variety of soya bean, Hawkeye, were not affected in this 
way. The effect of copper on a number of plants examined 
indicated that the yield of those susceptible to iron chlorosis, 
namely, rice and the PI-54619-5-1 variety of soya bean, was 
reduced as the result of increasing additions of copper to the soil, 
while with plants not so susceptible to iron chlorosis, wheat and 
the Hawkeye variety of soya bean, this was not so. 

Some effects of copper in furthering oxidation in bacteria and 
fungi were reported by Mulder (1950). The oxidation of ethyl 
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alcohol to acetic acid by Amtobacter amti was nmcli increased 
by the addition of 0-5 /eg of copper to 50 ml of culture solution, 
and the formation ■ of the black pigment in the spores of 
Asfefgilhis niger and in cultures of Azotobmhr chroomccum was 
also found to require copper (cf. Table 6, p. 44). 

Molybdenum. An enzyme which contains molybdenum is 
nitrate reductase wliich catalyses the reduction of nitrate to 
nitrite. That the activity of this enzyme in the fungi NeMro823ora 
crassa and Aspergillus niger was dependent on molybdenum was 
demonstrated by Nicholas, Nason and McBlroy in 1953, and in 
1955 Nicholas and Nason found that the action of nitrate reduc- 
tase in soya bean was similarly dependent on molybdenum. 
The presumption is that the first stage in the assimilation of 
nitrate by plants, its reduction to nitrite, is dependent on the 
presence of molybdenum. 

Recognition of the fact that the function of molybdenum was 
coimected with nitrogen metabolism had been growing for some 
time. As early as 1930 Bortels had found that the fixation of 
nitrogen by the nitrogen-fixing bacterium Azotobacter cliroo- 
coccum was stimulated by molybdenum. In 1936 Steinberg, 
using nitrate as source of nitrogen for AspergUlus mper, found 
that molybdenum was essential for the growth of this fungus but 
later (1937) he found that when an ammonium salt was used as 
nitrogen source the molybdenum requirement was much less, 
Mulder (1948, 1950) also found that when this fungus was grown 
with ammonium compounds as source of nitrogen the molyb- 
denum requirement for normal growth was much less than when 
nitrate was the nitrogen source, and he concluded that molyb- 
denum was probably required as a catalyst in nitrate reduction. 
In later work Mulder, Boxma and van Veen (1959) found the 
nitrate-reducing power, as measured by nitrite production, of 
coarsely cut fragments of plants grown in molybdenum-deficient 
soil was very low. 

Also in line with the necessity of molybdenum for nitrate 
reduction was the finding of Hewitt and Jones (1947) that in 
higher plants shortage of molybdenum led to accumulation of 
nitrate in the leaves and a reduction in protein synthesis. Accu- 
mulation of nitrate in the leaves of tobacco was found by 
Steinberg, Specht and Roller (1955) to result from shortage of 
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any trace element except copper, but was greatest as a conse- 
quence of molybdenum deficiency. 

In experiments with cauliflower plants grown in sand cultures 
which were supplied with molybdenum in concentrations of 
0*0055, 0*55 and 55 p.p.m. Hewitt, Jones and Williams (1949) 
found the content of a number of amino acids, alanine, aspartic 
acid, glutamic acid, proline and particularly arginine, decreased 
with decrease in the level of molybdenum supply. A decrease in 
the production of the amides asparagine and glutamine also 
occurred. 

This connexion between molybdenum supply and the forma- 
tion of amino acids in plants of cauliflower, spinach and tomato 
supplied with nitrate as source of nitrogen was later demon- 
strated by Mulder, Bakema and van Veen (1959). With spinach 
marked increases in the content of glutamic acid and glutamine 
were observed only two hours after the application of molyb- 
denum to the soil in which molybdenum-deficient plants were 
growing, while slight increases were observed in the contents of 
aspartic acid and alanine. 

The observation of Mulder that the sensitivity to molybdenum 
deficiency depended on the source of nitrogen supplied to the 
fungus Asfefgillus niger was extended by Argawala (1952) in an 
investigation of the molybdenum requirements of cauliflower 
plants supplied with nitrogen in a number of different sources, 
which were nitrate with citric acid, nitrate with and without 
calcium carbonate, ammonium sulphate with calcium carbonate, 
ammonium nitrate, ammonium citrate, urea and nitrite. Molyb- 
denum was supplied in four concentrations, namely, 0*00001, 
0*000 05, 0*5 and 50 p.p.m. Of these the first two were considered 
to be low enough to produce deficiency while the last was high 
enough to produce symptoms of molybdenum excess. The result 
was that the whiptail condition symptomatic of molybdenum 
deficiency developed whatever the source of nitrogen, with the 
one exception of nitrite, with molybdenum supplied at the 
lowest level. However, when supplied with ammonium sulphate 
and calcium carbonate visible symptoms of molybdenum de- 
ficiency did not appear when molybdenum was supplied at the 
still low level of 0*00005 p.p.m. 

Thus it would appear that in cauliflower the molybdenum 
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requirement depends on the source of nitrogen and this was also 
shown to be so for tomatoes by Hewitt and JlcCready (1954) 
where the effects of molybdenum deficiency were examined with 
nitrogen supplied in a number of forms iiicliidiiig nitrate, nitrite, 
ammonium sulphate, ammonium nitrate, aiiinionium nitrite, 
urea and glutamic acid. The visual symptom of molybdenum 
deficiency, chlorosis, was only ohseived when the nitrogen was 
supplied as nitrate, and this included ammonium nitrate. With 
ammonium sulphate theze was, on the other hand, a definite 
increase in chlorophyll content. An internal effect of molyb- 
denum deficiency, namely, a decrease in the content of both 
ascorbic acid and dehydroxyascorbic acid, was observed what- 
ever the source of nitrogen, but the extent of the decrease de- 
pended on the form of nitrogen supplied, being greatest with 
nitrate and least with uiea and nitrite. 

It would thus appear that although it is well established that 
through its presence in nitrate reductase molybdenum is 
essential for the assimilation of nitrate by plants, yet since it is 
still required when nitrogen in a reduced form as in an ammonium 
salt is provided, it can be concluded that the reduction of nitrate 
to nitrite is not the only process for which it is essential. Further 
evidence of this was provided by the finding of Vanselow and 
Datta ( 1 949) that symptoms of molybdenum deficiency appeared 
in lemon cuttings deprived of this element, even when the 
nitrogen was supplied as ammonium salt. 

Eeference has been made earlier to the reduction in the 
amount of ascorbic acid in tomato plants resulting from a 
shortage of molybdenum whatever the nitrogen source. Such a 
reduction in ascorbic acid content in molybdenum-deficient 
plants was also observed with alsike clover {TrifoUmn hybridum), 
barley, sugar beet and varieties of Brassica by Hewitt, Agarwala 
and Jones (1950). 

Some other effects of molybdenum deficiency in certain 
species of plants have been noted. Argawala (1952) found that 
in cauliflower plants exhibiting the whiptail condition the cells 
appeared not joined together, with the middle lamella almost 
invisible, suggesting a possible abnormal metabolism of pectic 
substances. In tobacco Steinberg and Jeffrey (1956) found that 
deficiency of molybdenum brought about a decrease in the 
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nicotine content but this effect was also induced, by shortage of 
iroUj copper, manganese and zinc, but only excess of molyb- 
denum or zinc brought about increase in nicotine content, excess 
of the other elements mentioned bringing about decrease in 
nicotine content. Increased content of nicotine was always 
accompanied by excessiye branching of the root system. 

One plant in which it has been reported that while molyb- 
denum is necessary if nitrate is the source of nitrogen, it is not 
essential if nitrogen is supplied as ammonium salt is, according 
to Ichioka and Ariion (1965), the alga Scenedesmus, 

Reference has been made earlier to the observation of Bortels 
that molybdenum was found to be required for the fixation of 
nitrogen by the nitrogen-fixing organism Azotobacter chroo- 
coccum, Mulder (1950) examined the growth of this organism in 
nutrient solutions supplied with nitrogen as nitrate or as 
ammonium sulphate or when gaseous nitrogen was supplied, in 
relation to molybdenum supply. It was found that about ten 
times as much molybdenum was required when gaseous nitrogen 
was the nitrogen source as when nitrate was used, while there was 
no response to molybdenum when the source of nitrogen was 
ammonium sulphate. According to Horner, Burk, Allison and 
Sherman (1942) molybdenum could be partially replaced by 
vanadium in nitrogen fixation by Azotobacter chroococcum, while 
according to Nicholas (1958) tungsten can also partially replace 
molybdenum. Nicholas has also reported that nitrogen fixation 
by Azotobacter vinelandii and Clostridium pasteurianum was 
reduced to about 40 per cent by the omission of molybdenum 
from an otherwise complete nutrient solution. There would thus 
appear to be no doubt that molybdenum is essential for the 
fixation of nitrogen by nitrogen-fixing bacteria, but whether this 
involves another molybdenum-containing enzyme is at present 
not known. 

Since molybdenum is concerned in both the reduction of 
nitrate by higher plants and in the fixation of elemental nitrogen 
by nitrogen-fixing bacteria, it would appear to be doubly con- 
cerned in nitrogen assimilation by members of the Leguminosae. 
Work by Anderson and Thomas (1946) and Anderson and Oertel,; 
(1946) indicated that addition of molybdenum to the soil had the 
effect of reducing the number of nodules on the roots of the" 
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leguminotis plants lucerne {M^imgo saiim) and snbterranenm 
clover {Trifolium subterramum) although Anderson and Spenser 
(1950) found with the latter plant that the nodules tended to be 
larger as a result of application of inolybdeiiiiin. From work 
with white clover {Trifolium repens) on the interrelationships 
between molybdenum and calcium, W'alker, Adams and^" 
Orchiston (1955) concluded that calcium and a sufficiently high 
pH were necessary for rapid nodulation and that molybdeiiuDa . 
was concerned with the fixation of nitrogen by the nodule ■ 
bacteria. 

Mulder, Bakema and van Veen (1959) also stated that in 
absence of an adequate supply of molybdenum legmiiinous 
plants produce nodules but that these cannot fix nitrogen. Hence 
in molybdenum-deficient plants of lucerne, for example, the free 
amino acid content is very low, but some hours after the appli- 
cation of molybdenum to the soil the content of free glutamic acid 
in the nodules was found to have increased considerably while 
that of some other amino acids, alanine, aspartic acid and amino- 
butyric acid, rose slightly. 

Boron. It has earlier been pointed out that the effects on 
plants of a deficiency of boron are general^ of quite a different 
kind from those produced by other micro-nutrient deficiencies 
and indeed this element differs from the other fotir generally 
recognized trace elements in that it is a non-metal and does not 
appear to form part of any enzyme system. Nevertheless, it has 
been claimed that boron may affect the activity of a number of 
enzymes. Bailey and McHargue (1944) working with lucerne 
grown in culture solutions containing boron in concentrations 
ranging from 0-lto 1 p.p.m. found that the activity of each of the 
enzymes catalase, peroxidase, oxidase and sucrase was un- 
affected by boron supplied in the lowest concentration of the 
range, but that as the concentration was raised above this the 
activity of aU these enzymes increased, the effect on oxidase 
being the least and on sucrase the greatest. An increase in 
catalase activity as a result of adding boron in a concentration of 
1 p.p.m. to the culture medium of rice was found by Pattanaik 
(1950a) and for sugar beet by Yakovleva (1947). Increased 
activity of one oxidase, tyrosinase, as a result of boron deficiency 
was reported by Klein ( 1951 ) for tomato and by Steinbeck (1951) 
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for potato. Observations by MacVicar and Burris (1948) also 
suggested that boron had an inhibiting effect on some oxidases 
of tomato and soya bean for they found homogenates from leaves 
of boron-deficient plants of these species took up more oxygen 
than did similar preparations from plants adequately supplied 
with boron. Cell-free sap from the leaves of boron-deficient 
tomato and soya bean plants oxidized dihydroxyphenylalanine 
more rapidly than sap from the leaves of plants supplied with 
boron, suggesting a possible inhibiting action of boron on poly- 
phenol oxidase. The oxidation of glycoUic acid and lactic acid by 
cell-free sap from boron-deficient tobacco leaves was likewise 
inhibited by boron. Winfield (1945), on the other hand, decided 
that potato tyrosinase action was not affected by boron. The 
results concerning the effect of boron on oxidase action are thus 
conflicting. No doubt the results obtained also depended partly 
on other conditions as well as on the nature of the enzyme. 

Quite a number of functions have been ascribed to boron in 
higher plants. These include effects on the water relations of 
plants, including the water relations of the protoplasm, water 
absorption by the plant and transpiration, a favourable influence 
on the absorption of cations and a retarding influence on the 
absorption of anions, a favourable influence on the absorption of 
calcium, a part in the formation of pectic substances in the cell 
wall, and an essential part in carbohydrate and nitrogen 
metabolism. 

As regards the supposed effect of boron on the water relations 
of the protoplasm, it has already been pointed out that a very 
general symptom of boron deficiency, and often one of the earliest 
internal symptoms, is an enlargement of thin-walled cells. In this 
connexion some observations made by Schmucker (1933, 1935) 
on the germination of the pollen grains of tropical water lilies 
and other species in presence and absence of boron are of interest. 
He found that when the pollen was placed in a drop of nectar 
from the flower, germination was normal, but when placed in a 
drop of sugar solution of the same concentration, the grains 
either failed to germinate or the pollen tubes produced quickly 
burst. But the pollen tube remained intact and its growth con- 
tinued if the sugar solution contained 0*001 or 0*01 per cent 
of boric acid. From such observations Schmucker not only 
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concluded that boron influenced the absorption of water by the 
protoplasm but that along with sugar it played some part in the 
formation of pectin in the cell wall With regard to the latter 
supposition we have already noted that one of the most general 
features of boron deficiency is the breakdown of parenchymatous 
and other thin cell walls, especially those of the apical meristems 
in which pectic substances are, by some, supposed to predominate 
owing to the relative importance of the middle lamella in such 
cell walls. Other features of boron deficiency, such as discolora- 
tion of cell walls and the brittleness of petioles and leaf laminae, 
might also be held to support this view. On the other hand, 
Dennis (1937) has pointed out that discoloration of the cell wall is 
not confined to cases of boron deficiency, and he suggests that the 
effect of boron deficiency on the cell wall may be part of a more 
far-reaching effect of this deficiency on carbohydi'ate metabolism. 

The effect of boron deficiency on transpiration of the dwarf 
bean {Phaseolus vulgaris) growing in sand cultures was examined 
by Baker, Gauch and Duggar (1956), who found that the rate of 
transpiration from the leaves of boron-deficient plants was only 
30 per cent of that from the leaves of i)Iaiits adequately supplied 
with boron. Three factors were considered to bring about this 
result. In the first place the leaves of boron-deficient plants had 
a higher osmotic pressure and a higher content of polysaccharide, 
both factors tending to retention of water ; secondly, deficiency 
of boron induced a lower rate of water absorption and thirdly, 
there was a higher proportion of non -functional stomata on the 
leaves of boron-deficient plants than on normal leaves. 

The view that boron as boric acid increases the intake of 
cations and decreases that of anions was put forward by Rohm 
( 1 937) as a result of experiments with Impatiens balsamina grown 
in water culture. The cultures were provided either with single 
salts or complete nutrient solutions with and without boron. The 
intake of the different ions was determined by analysis of the 
solution with the results shown in Tables 27 and 28. 

These data certainly indicate an increase of cation absorption 
and a relative or absolute decrease of anion absorption as a result 
of the presence of boron. At present it would seem to be extremely 
doubtful whether such an effect of boron can be accepted as a 
general one. 
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Table 27. Absorption by Impatiens balsamina of various ions 
from solutions of single salts in pr esence and absence of boron. (Data 

from Rehm) 


Concentra- 
tion of 
boron, when 
present 


Salt 

Concentration 

(mg per 
litre) 

Cation 

KgSO, 

0-001 N 

0-5 

1*378 

KOI 

0-001 N■ 

0-5 

1*718 

KH2PO4 

0-002N■ 

0-5 

20-82 

KH0PO4 

0-0022^ 

10 

95*00 

GaClg 

0-002]sr 

0-5 

1-013 

MgS 04 

0-002N 

0-5 

3-022 

MgSO,! 

0-002 X 

10 

3-055 

NH4NO3 

0-0022^ 

1 

1*038 


Ratio of uptake of 
ions in presence and 
in absence of boron 


Anion 

1*05 

1-07 

14-56 

27-10 

0- 789 

1- 244 
1-065 
0-872 


Table 28. Absorption by Impatiens balsamina of various ions 
from solutions containing the major plant nutrients with and 
without boron. (Data from Relim) 


Ratio of absorption of ion with 
boron present (0*5 mg/litre) 
to absorption with boron absent 

Nitrogen Nitrogen 

supplied supplied 


Ion 

as Ca(NO )2 

asNH 4 N 03 

mi. 

— 

1*61 

K 

1*215 

4*46 

Ca 

1*24 

1*09 

Mg 

1*045 

1*03 

N'Os 

1*834 

1-05 

Cl 

0*788 

1*127 

SO 4 

0*721 

1*022 

H2PO4 

0*74 

0*17 


A quantity of evidence has been presented by different workers 
indicating that boron may be associated with the utilization of 
calcium. TMs was suggested by the results obtained in a series of 
water-culture experiments with Vida f aba reported by Brenchley 
and Warington (1927). Cultures without boron and with a very 
small supply of calcium as calcium sulphate (0*025 g per litre) 
made poor growth and developed very small blackened leaves, 
finally turning black at the stem apices and withering backwards 
from these. It will be noted that these are the symptoms of 
calcium shortage and not of boron deficiency (see p. 83). The 
blackening is attributed to the toxic effect of other nutrient salts, 
a toxicity which is normally counteracted by calcium, and the 
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plants probably died before even the calcium in the seed was 
used up. In cultures containing the same, supply, of calciii,m,, but 
also containing boric acid, development was very much better, 
and, although there was some blackening of the leaves, the plants 
grew fairly tall, the stems did not blacken and normal fiow’-er buds 
developed. Brencliley and, Waringtoii interpreted these results 
as indicating that without boron the plants were unable to absorb 
or utilize sufficient calcium to prevent poisoning by the other 
nutrient salts, while when boron is present the latter enables the 
plant either to absorb calcium more rapidly or to utilize it more 
readily so that the toxic effect of the other nutrients is antag- 
onized. It may be noted that in cultures without boron, as the 
supply of calcium is increased the symptoms of calcium shortage 
become less marked until with 0*1 g of calcium sulphate per litre 
they disappear and the plants show typical symptoms of boron 
deficiency. 

Later, Warington (1934), by actual determiiiatioii of the 
amount of calcium absorbed by plants growing in culture solu- 
tions, showed that the presence of boron does indeed result in 
a very considerable increase in the amount of calcium absorbed 
by plants of Vida faba. The actual values she obtained are 
summarized in Table 29. 

Table 29. Absorption of caldum by Vicia ffiba /rom nutrient 
solutions with and without boron. (Data from Warington) 

Total calcium absorbed 
Age of (mg per x^laiifc) 

plant in ( ^ ^ ^ 

weeks With boron Without boron 

1930 series: Solutions not renewed 

2 2-2 2*6 

3 8-3 sn 

4 15*1 7*1 

5 25*1 6-6 

1931 series: Solutions not renewed 

2 2*2 2*2 

3 6-2 3*5 

4 13*8 5*5 

5 17-1 6*0 

Solutions renewed fortnightly 

5 17*8 \0*1 

9 50*9 15*6 

Solution renewed weekly 

54-83 26*65 
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Swanback (1939), to whose work on absorption of cations by 
tobacco reference has already been made, also concluded from 
analyses of tobacco plants supplied with calcium and potassium 
at different levels with and without boron, that the latter element 
aids the absorption and utilization of calcium. ' 

Results comparable with those of Miss Warington have been 
obtained with soya bean by Minarik and Shive (1939). Plants 
were grown in sand cultures supplied with the usual major 
nutrients and manganese. Boron was supplied to the different 
cultures in concentrations varying from 0 to 10 p.p.m. As the 
results summarized in Table 30 show, the boron supply definitely 
influenced the amount of calcium which accumulated in the 
leaves, and indeed the effect of boron on the growth of the 
plants was parallel with its effect on calcium uptake. 

Table 30. Absorption of calcium by Glycine msix from media 
containing various amounts of boron, (Data from Minarik and 



Average fresh 

Calcium in 

Concentration of 

weight of leaves 

leaves (mg 

boron in medium 

per plant 

per g of fresh 

(p.p.m.) 

(g) 

weight) 

0-0 

4-7 

2-6 

0-001 

11-0 

2-5 

0-0025 

15-8 

2-6 

0-005 

16-2 

2-9 

O-OiO 

24-0 

3-0 

0-025 

32-8 

3-5 

0*05 

38-7 

4-5 

0-i 

32-6 

4-0 

0-25 

28-4 

3-9 

0-5 

28-1 

3-4 

1-0 

31-5 

3-5 

2-5 

13-6 

4-2 

5-0 

12-8 

3-6 

10-0 

0-8 

2-0 


On the other hand, Holley and Dulin (1937), working with 
cotton, could find no indication of a relationship between boron 
and calcium, and Morris (1938) found no difference in calcium 
content in normal and boron-deficient oranges, while Talibli 
(1935) actually found that addition of boron to the medium on 
which flax was growing brought about a reduction in the calcium 
content of the flax straw. 

Work by Marsh and Shive (1941) on maize appeared to throw 
some light on the apparent divergence between the results 
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obtained up to that time with these various species. Plants were 
grown in sand cultures and for the first week were supplied with 
a nutrient solution containing all necessary elements except 
boron, this being omitted so that any in the seed or in external 
sources should be exhausted. During the second week all the 
cultures were supplied with a complete culture solution which 
included 0-25 p.p.m. of boron as boric acid. From the beginning 
of the third week two series of cultures receiving no calcium, and 
four supplied with a nutrient solution containing 170 p.p.m. of 
calcium, received different amounts of boron. These treatments 
were continued for 10 days, at the end of which time the dry 
weights of the shoots, the total calcium, and boron content and 
the contents of soluble calcium and soluble boron of the shoots 
were determined. The various treatments and the results obtained 
from them are indicated in Table 31. 


Table 31. Cakimn and boron eojiiemi of maize supplied tiith 
different amounts of boron. (Data from Marsh and Sliive) 


Concen- 

tration- 

Dry weight 

Total Ca 

Soluble Ca 

Total B 

Sohible B 

of boron 

of shoot 

per g of 

per g of 

per g of 

|ior g of 

supplied 

per plant 

dry matter dry matter 

dry matter 

dry matter 

(p.p.m.) 

(g) 

(mg) 

(mg) 

(mg) 

‘ (mg) 


No calcium supplied in nutrient solution 


0*0 

1*50 

3*0 

0*3 

O-OOi 

0*0003 

0-25 

2-60 

3*0 

1*0 

0*008 

0*0069 


■ 170 p.p.m. calcium supplied in nutrient solution 


0-0 

2*85 

7-6 

2*1 

0*002 

0*0015 

0-1 ^ 

6-40 

7.7 

2*4 

0*005 

0*0042 

0*25 

. 5-30 

8*0 

2*8 

0*008 

0*0070 

5-0 

4*37 

7-7 

4*2 

0*025 

0*0232 


Inspection of these results shows that the total calcium content 
:0f the shoots is independent of the amount of boron supplied; 
on the other hand, the soluble calcium content runs parallel with 
both the soluble boron content and the total boron content of the 
plant and also with the. boron content of the medium. It was 
therefore concluded that the soluble calcium content is deter- 
mined by the boron content, a large proportion of which is in a 
soluble form , and which is itself determined by the boron content 
of the medium. . 

■ There is thus, according to- Shive (1941), a difference between 
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dicotyledons as exemplified by Vida faba (and presumably 
Glydne max) and monocotyledons as exemplified by Zea mais, 
in that in the former the calcium and boron contents are generally 
much higher than in the latter, but in the dicotyledons studied 
only a small fraction of the boron is soluble, whereas in mono- 
cotyledons practically all the boron remains in solution. In both 
groups the soluble calcium is directly related to the soluble boron 
which is itself determined by the total boron, which in its turn is 
determined by the concentration of the boron in the medium. 
This much smaller proportion of soluble boron in dicotyledons 
explains why the boron requirement of these plants is so much 
higher (5-10 times) than that of monocotyledons. 

Reference has been made earlier (p. 136) to the investigation of 
boron/calcium relationships in another monocotyledon Setaria 
italica. As regards absorption of calcium, as the results presented 
in Table 32 show, the total calcium in the shoots was roughly 
independent of the level of boron supplied with lower boron 
concentrations but showed a definite increase in total calcium 
with the higher boron concentrations. As with maize the soluble 
calcium content ran parallel with the total and soluble boron in 
the plants and with the boron content of the medium. Compar- 
able results were obtained with higher contents of calcium in the 
medium. 


Table 32. Caldum and boron content of shoots of Siberian millet 
supplied with different amounts of boron. (Data from Mcllrath 
and de Bruyn) 


Concen- 
tration Dry weiglit 
of boron of slioot 
supplied per plant 
(p.p.m.) (g) 


Total Ca 
per g of 
dry matter 

(mg) 


Soluble Ca 
per g of 
dry matter 
(mg) 


Total B 
per g of 
dry matter 
(mg) 


Soluble B 
per g of 
dry matter 
' (mg) 


0-0 

0-05 

0*50 

5-0 

50-0 


40 p.p.m. calcium supplied in medium 


1*53 2-61 

1*55 2*41 

1*55 2-74 

1*31 3-79 

0-34 4*16 


0-058 0*029 

0*093 0*020 

0*260 0*043 

0*260 0*262 

M65 M16 


0*022 

0-009 

0*026 

0*231 

1*100 


0*0 

0*05 

0*50 

5*0 

50*0 


160 p.p.ni. calcium supplied in 
1.71 5*08 0*126 

l-Sl 6*25 0*146 

1.97 5-40 0*135 

1.39 6*68 0*188 

0*40 9*03 4*639 


medium 

0*040 

0*026 

0*045 

0*278 

0*879 


0*030 

0*011 

0*030 

0*249 

0*814 
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WMle, then, there is a quite considerable amount of evidence 
of a relationship between boron and calcium^ and also between 
boron and potassium, in plant nutrition, the results obtained 
with different species are insiiiBeient for any generalization as 
to the nature of this relationship at present. 

There can be little doubt that boron plays some part in carbo* 
hydrate metabolism. Reference has already been made to the. 
conclusion of Sclimucker (p. 170), derived from experiments with 
germinating pollen, that boron played some part in the formation 
of pectin in the cell wall. 

Microchemical tests made by Marsh and Sliive (1941) on the 
apical meristem of maize plants supplied with different quantities 
of boron suggested a relation between boron and the pectin and 
fat contents of these tissues. Thus %vith a supply of 170 p.p.m. 
of calcium without boron, tests for pectin in the cytoplasm w^ere 
positive and for fats negative, but with 5 p.p.m. of boron tests 
for pectin in the cytoplasm were negative and for fats positive. 
With an intermediate supply of boron (0-1 and 0^25 p.p.m.) 
which was found optimal for growth (cf. Table 31), tests for both 
pectin and fat were positive. It is suggested therefore that boron 
plays some part in carbohydrate and fat metabolism. 

That boron is connected with carbohydrate metabolism was 
indicated in the work of Johnston and Dore (1929), who found 
that in tomato plants suffering from boron deficiency there was 
a marked accumulation of sugars in the leaves and a corres- 
ponding reduction of the sugar content of the stems, indicating 
some considerable reduction below normal in the translocation 
of carbohydrates. 

That its effect on translocation was a leading factor in the 
importance of boron in carbohydrate metabolism was strongly 
advocated by Gauch and Duggar (1953, 1954). Their view was 
that the borate ion reacted with hydroxyl-rich substances such 
as sugars and sugar alcohols to produce complexes which were 
translocated more rapidly across membranes than undissociated 
free sugars. To account for this they suggested as a likely expla- 
nation that boron was a constituent of the membranes through 
which the sugar passed and that sugar combined with borate in 
a reversible reaction which would result in the rapid transference 
of sugar across the membrane. Shortage of boron would thus 
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reduce the supply of carbohydrate to the growing regions and 
lead to failure of growth and finally to the breakdown of the 
tissues so often reported to occur in those tissues as a result of 
boron deficiency. 

Data indicating a relation between boron and translocation of 
sugars in the tomato plant were presented by Sisler, Duggar and 
Gauch (1956). Plants growing in sand culture were supplied 
with boron at various levels and a solution of sucrose containing 
radioactive carbon ^^0 applied to the leaf tips. The subsequent 
distribution of sugar was determined by measuring the radio- 
activity throughout the plants. In boron-deficient plants ex- 
hibiting deficiency symptoms the uptake and translocation of the 
sugar were less than with plants supplied with boron, and before 
the appearance of visible symptoms it was found that the rate of 
translocation of sugar in plants supplied with 50 p.p.m. of boron 
in the medium was more rapid than in plants without this supply. 
The same workers also examined the translocation of sugar 
produced in photosynthesis by plants provided with carbon 
dioxide labelled with Here again determination of radio- 
activity through the plant showed a greater rate of translocation 
of sugar from the leaves of plants supplied with boron than was 
so with boron-deficient plants. 

The work of Mcllrath and Falser (1956) also indicated that in 
tomato, and in turnip as well, translocation was reduced in 
boron-deficient plants as compared with that in normal plants, 
although with cotton no such consequence of boron deficiency 
was obvious. Plants were grown in sand cultures either without 
added boron or containing boron in a concentration of 5 p.p.m. 
There was observed a lower concentration of sugar and a higher 
concentration of starch in the boron-deficient turnip and cotton 
plants but in tomato there was no difference in the sugar concen- 
tration of the boron-deficient and boron-sufficient plants, while 
the starch content of the former was lower than that of the latter. 
But the roots of boron-deficient tomato and turnip plants had a 
smaller carbohydrate content than those of normal plants, a 
difference attributed to reduced translocation in the former 
resulting from necrosis of the phloem, and it was significant that 
in cotton, where necrosis of the phloem was not observed as a 
result of boron deficiency (see p. 86) no difference was observed 
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in the carbohydrate content of the roots of normal and boroii- 
defioient plants. The conclusion drawn was therefore that the 
reduced rate of translocation resulting from boron deficiency was 
a consequence of the necrosis of the phloem;, that is, of the actual 
channel of translocation. 

The work of Wadleigh and Shive (1939) on cotton seedlings is 
also important in this connexion. They examined the effects of 
boron deficiency in the seedlings by means of microohemical 
tests. For this purpose seedlings were grown in w'ater cultures 
with and without a supply of boron. The first internal symptom 
observed was the increased acidity of a few cells scattered 
through the pith and cortex, the pH of these cells being from 3-8 
to 4*4 as compared with the normal value of 5-8 to 6*4. As boron 
deficiency increased so did the number of these abnormally acid 
cells, which then also appeared in the pericycle and the older 
xylem parenchyma. When the majority of the cells of the pith 
had become very acid their cell walls began to break down, at the 
same time developing a deep brown colour. Next, some of the 
cells of the phloem and younger xylem parenchyma developed 
high acidity and ultimately a breakdown of cells occurred in 
these regions also. 


While these changes were proceeding accumulation of sugars 
was observed in the boron-deficient plants, while starch was 
abnormally abundant in the endodermis. In the cells of the stem 
apices the nitrate-nitrogen content wms much lower in boron- 
deficient than in normal plants. This was attributed to failure of 
nitrate absorption owing to death of the root apices. There was 
a very marked accumulation of ammonia nitrogen in the cells 
which developed high acidity. Wadleigh and Shive concluded 
from the fact that both sugars and ammonia nitrogen accumulate 
in boron-deficient plants that boron deficiency brings about a 
decreased rate of oxidation of sugars and of amination of carbo- 
hydrate derivatives so that protein substances necessary for 
maintenance of protoplasm are not formed. Microchemical tests 
r proteins supported this view, for Millon’s reagent, the xantho- 
teic test and the biuret test all gave immediate results with 
e abnormally acid cells of boron-deficient plants, whereas in 
ormal plants pre-treatment with ether and alcohol was neces- 
sary to denature the proteins before these tests gave a positive 
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result, thus indicating the degeneration of the proteins of the 
cells with high acidity and ammonia nitrogen content. The 
disturbance in the carbohydrate and nitrogen metabolism of the 
boron-deficient plants may be attributed to a disturbance of the 
normal ox^^tion-reduction relations of the cells, and it has been 
pointed out by Johnston and Dore (1929) and Eaton (1935) that 
boron has considerable affinity for the hydroxy groups of poly- 
hydric alcohols. 

Steinberg (1955) found that boron deficiency in tobacco 
resulted in a marked increase in the content of nicotine and this 
appeared to be related to excessive branching of the root system 
which is also a symptom of boron deficiency in this plant. This 
was held to support the view that nicotine formation is associated 
with root and shoot apices. It would also suggest that boron is 
connected in some way with nitrogen metabolism. 

Heggeness (1942) has suggested that boron may play a 
considerable part in protecting flax from attack by the rust 
Melampsora Uni. Borax was applied to the soil at the rate of 
60 lb per acre, 2 weeks after germination of the flax, which was 
sown on 9 May 1941. Some 10 weeks later plants on control 
plots which did not receive boron showed 100 per cent infection, 
while plants on the boron-treated plots showed very little 
infection in the field. When leaves from boron-treated plants 
were cleared with 80 per cent alcohol many points of infection 
could indeed be seen, but they mostly failed to develop. With a 
sowing later in the year, made on 16 June, the boron-treated 
plants were not so free from rust, but were yet very much freer 
from rust than the controls* 
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CHAPTER VII 


TEACE ELEMENTS IN PLANTS 
IN RELATION TO SOME DISEASES OP 
GRAZING ANIMALS 

I sr some instances deficiency or excess of an element in the plants 
eaten by herbivorous animals may cause grave disorders in the 
animals concerned. Deficiency of any essential element will, of 
course, induce pathological effects, wlfile practically any trace 
element may produce poisoning if administered or presented to 
the animal in too great excess. But a few disorders traceable to 
mineral deficiency in pasture plants, or to excess of certain 
elements in the herbage eaten by livestock, call for particular 
mention in an account of trace elements in plants. A deficiency 
disease is caused by shortage of cobalt in herbage; diseases 
due to excess of a mineral constituent in the herbage are those in 
which the pathological effects result from a high proportion of 
selenium or molybdenum in the pasture plants. Por a general 
account of mineral deficiencies and excesses in pastures in 
relation to animal nutrition reference may be made to a mono- 
graph on the subject by Russell (1944). 


1. Diseases due to Teace-Element Excess 

Alkali disease (selenium poisoning). Por many years a 
disease affecting horses, cattle, pigs and poultry has been known 
to occur in certain areas of the great plains of the Middle Western 
United States. The symptoms of the disease include loss of hair 
from the mane and tail of horses, from the switch of cattle and 
from the body of pigs, and a marked change in the growth of the 
horn of the hoof in all these animals which, when severe, results 
in the sloughing of the hoof. General loss of condition involving 
emaciation and listlessness may foUow, and in the worst cases the 
animals may die. There may be lesions in various internal organs, 
including the heart, liver, spleen and kidneys. With affected 
poultry eggs do not hatch. Further, the symptoms can develop 
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in animals in non-affected areas when fed with hay or grain pro- 
duoed in the affected areas. Because of the popular opinion that 
these effects were due to alkali in the water drunk by the animals, 
the disease was generally known as ^alkali disease’, but nearly 
fifty years ago careful work by Larsen, White and Bailey (1912, 
1913) showed that tliis conclusion was false and the cause of the 
disease must be sought elsewhere. That this was to be found in 
poisoning by selenium appears to have been first suggested in 
1931 (see Byers, 1934). First investigations showed that selenium 
was present in the soils of the affected areas and that wheat grain 
from such areas might contain from 10 to 12 p.p.m. of selenium 
(Robinson, 1933; see also Beath et aL 1934, 1935; Byers and 
Knight, 1935), Nelson, Hurd-Karrer and Robinson (1933) 
found that wheat appeared to grow normally on soil to which 
1 p.p.m. of selenium had been added in the form of sodium 
selenate, but the grain from this wheat was toxic to white rats 
fed with it, retardation of growth, and finally death, resulting. 
Schoening (1936) produced the typical symptoms of alkali 
disease in hogs by feeding them with maize grown in the affected 
area. Two lots of maize were used, one containing 5 p.p.m. the 
other 10 p.p.m. of selenium. 

Further experiments on dosing animals with selenium have left 
no doubt that this element is responsible for producing the symp- 
toms of alkali disease, and that this is, in fact, selenium poisoning. 
The animals used included rats (Franke and Moxon, 1 936), rabbits 
(Smith, Stohlman and Lillie, 1937), swine (Miller and Schoening, 
1938; Miller and Williams, 1940u), cattle, horses and mules 
(Miller and Williams, 1940 a). As an example of the type of 
experiment employed may be cited one by Miller and Schoening 
on swine. In this eight pigs about 4 months old were separated 
into four pairs. Ail received a sufficient ration of grain, but the 
four groups received different amounts of selenium, the propor- 
tions of this, as .sodium selenite in the ration, being respectively 
392, 196, 49 and 24*5 p.p.m. Four of the animals developed 
typical symptoms of alkali disease, namely, loss of hair and dis- 
turbance of the growth of the hoof, and all died in from 10 to 
99 days. Post-mortem examination revealed lesions of internal 
organs, particularly of the liver, while kidneys, heart and 
spleen were also affected in some cases. Two control animals 
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fed with similar grain without added selenium developed nor- 
mally. 

The minimum lethal dose of selenium for rats, rabbits, horses 
and mules appears to be of the order of 1*5 or 2 mg per lb of body 
weight, for cattle 4-5-5 mg per lb of body weight, and for pigs 
between 6 and 8 mg per lb of body weight. 

By the continued administration of small doses of selenium to 
horses Miller and Williams (19406) produced symptoms similar 
to, though not so striking as, those observed in chronic alkali 
disease under natural conditions. These symptoms included 
listlessness, loosening of hair in the mane and tail, softening of 
the horny wall of the hoof, and lesions in the liver, heart, kidneys 
and spleen. 

It being thus clear that ‘ alkali disease ’ results from poisoning 
by grain or forage containing selenium, it is important to know 
whether there are differences in the selenium-absorbing capacity 
of different plants. There is no doubt that this is very much the 
case. Byers (1935) found notable differences in the selenium 
content of plants occurring naturally on seleniferous soils, while 
Hurd-Karrer (1935) also found marked differences in the 
selenium content of crop plants grown on artificially selenized 
soils. Thus Miller and Byers (1937) recorded a selenium con tent of 
1110 p.p.rn. in Astragalus bisulmtus and one of only 45 p.p.m. 
in wheat grown in the same area. In another area they found 
1250 p.p.m. of selenium in A. bisulcaMs, but only 3 p.p.m. in 
A. missouriemis. Byers had earlier found as much as 4300 p.p.m. 
of selenium in .4. bisulcatus, while relatively enormous quantities 
of selenium have also been found in other species of Astragalus, 
as, for example, 5560 p.p.m. in A, ramosus and 1750 p.p.m. in 
A. pectinatus. On the other hand, A. missouriemis, A. mollis- 
simus Bind A, drummoudii absorb only little selenium. Prairie 
grassesingeneralhaveaverylowcapacityforabsorbingselenium ; 
thus Andropogon scoparius (little blue-stem) was found to contain 
only 0*8 p.p.m. of selenium. 

Miller and Byers (1937) distinguished three classes of plants in 
regard to their capacity for absorbing selenium: (1) highly 
seleniferous plants which absorb selenium readily and which are 
either absent from or rare in neighbouring non-seleniferous areas. 
Plants of this group include Astragalus bisulcatus, 4.. racemosus, 
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A, pectinatuSy carolineanus, Sfanleya pinnatay /S. bipinnatUy 
fremontiy Xylorrhiza parryi'y (2) plants capable of 
absorbing selenium, even in considerable amount, without severe 
injury, but which are widely distributed on both seleniferous and 
non-seleniferous soils. This group includes Aster ericoides (white 
wreath aster), A, fendleri (blue aster), Gutierrezia sarothrae 
(turpentine weed), Helianihus annum (sunflower), Agropyron 
smitMi (western wheat-grass) and the common cereals, wheat, 
rye, barley and maize; (3) plants with a low tolerance for 
selenium, which make poor growth at best on seleniferous soils 
and which absorb only small amounts of selenium. Plants in this 
group include Bouteloua gracilis (buffalo grass) and B, cwti- 
pendula (grama grass). 

For the control of selenium poisoning the relation of selenium 
absorption to sulphur absorption by plants may be of great 
significance. Hurd-Karrer (1934, 1935) showed that increasing 
the sulphur content of the soil brought about a reduction in the 
quantity of selenium absorbed by plants. Similarly, with plants 
grown in water culture selenium uptake was reduced by in- 
creasing the concentration of sulphate in the nutrient solution. 
Hurd-Karrer and Kennedy (1936) found that grain from wheat 
grown on soil containing 2 p.p.m. of selenium was toxic to white 
rats, whereas grain from wheat grown on similar selenized soil 
treated with flowers of sulphur or gypsum was not toxic, the 
selenium content of the grain being reduced by such treatment 
from about 12 p.p.m. to about 4 p.p.m. 

In 1937 Hurd-Karrer reported the results of experiments on 
the uptake of sulphur and selenium by some fifteen different 
crop plants grown in the greenhouse on soil artificially selenized 
by the addition of 4 p.p.m. of selenium as sodium selenate. The 
plants were known to differ widely with regard to their capacity 
for absorbing sulphur. The shoots were cut when 1, 2 and 3 
months old and the sulphur and selenium determined. The 
results obtained after the first month are shown in Table 33. 
Inspection of this shows that although the species used exhibit 
a wide range in sulphur and selenium uptake, the ratio of 
sulphur to selenium absorbed is roughly the same in all. 

Hurd-Karrer also found that the sulphur/selenium ratio was 
practically the same for stems and leaves and also that the ratio 
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Table 33 . Content of sulphur and selenium of a number of 
crop plants one month old, (From Hurd-Kan-er) 

Sulphur Selenium 
(per cent of (per cent of 
Species dry weight) dry weight) 

Brassica ohracea capitata (cabbage) 3*37 0*0793 

B . oUracea hotrytis {c^Q^Ai^o'wet) 2*88 0*0“ 10 

B, nigra (Mack mustard) 2*78 0*0744 

B, napus (rape) 2*39 0*0780 

B, oleracea acephala (kale) 2*24 0*0015 

Linum usitatisshmmi (flax) 1*28 0*0474 

Helianthus atmum (sunflower) 1*32 0*0310 

Trifolium prateme (red clover) 1*21 0*0315 

Vida villosa (vetch) 0*92 0*0280 

Lactuca satim (lettuce) 0*99 0*0195 

Triticum sativmn (wheat) 0*87 0*0240 

Secale cereah (rye) 0*80 0*0280 

Glydne max (Soya bean) 0*59 0*0130 

Zm mais (maize) 0*42 0*0140 

Sorghum vulgar e 0*48 0*0130 


depended on the relative amounts of sulphur and selenium in the 
soil. If the former remained the same while the selenium content 
was varied, the siilphur/selendum ratio in the plant rose with a 
fall in the selenium content of the soil. Thus, with a sulphur 
content of the soil of 0*06 per cent, the average ratio of sulphur 
to selenium in the plants was found to be 1 14 when the selenium 
in the soil was 3 ji.p.m., but when this latter was increased to 
5 p.p.m. the sulphur/selenium ratio in the plants was only 22. 

These results are readily understandable in view of the chemical 
similarity of sulphur and selenium. They indicate very definitely 
a way of reducing the selenium content of plants growing on 
seleniferous soils. 

For a good detailed account of the earlier work on selenium 
poisoning reference may be made to a review by Trelease and 
Martin (1936). 

The scouring of cattle on the teart lands of Somerset. 
On certain soils mostly derived from the Lower Lias, there are 
pastures which bring about the complaint of cattle known as 
scouring. Cattle, on being turned into these pastures, develop 
the symptoms of scouring within a few days. The symptoms are 
described by Ferguson, Lewis and Watson ( 1 943) as follows : ' The 
dung becomes extremely loose and watery, yellowish green in 
colour, bubbly, and has a foul smell. The animals become filthy, 
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their coats stare and they lose condition rapidly. Red Devon 
cattle turn a dirty yellow and black beasts go rusty in colour. 
Milk yields drop considerably.’ Sheep are not aiGFected to the 
same extent, but the dung is very soft and the fleeces sometimes 
become stained. 

The principal area in which teart soils occur is in central 
Somerset, but smaller areas occur in Warwickshire and 
Gloucestershire. It is to be noted that an area in Glamorgan 
in which the soil is also derived from the Lower Lias does not 
exhibit teartness. 

The effect of teart land on cattle has been known, according to 
Ferguson, Lewis and Watson, for over a hundred years, and has 
been attributed to a number of factors, including bacteria, para- 
sites, particular species in the herbage, water supply, poor drain- 
age, soil texture, a high proportion of non-protein nitrogen in the 
herbage, and some particular chemical constituent present in the 
herbage (Muir, 1936). Bacteria cannot be the primary cause of 
scouring because the symptoms cease directly the cattle are 
removed from teart pastures, while as regards parasites there is 
no abnormally high number of these in affected animals. Nor 
do the water supply, drainage and soil texture of teart pastures 
show constant and characteristic differences from non-teart 
areas. Ferguson, Lewis and Watson determined the nitrogen 
fractions in herbage from teart and non-teart areas but found no 
difference in the non-protein nitrogen of the two. 

These workers were thus led to investigate the last of the sug- 
gestions listed above and made a spectrographic examination of 
a number of samples of herbage from different sources. As a 
result they found one constant difference between the samples 
from teart and from non-teart pastures, namely, in the content of 
molybdenum, which was considerably higher in the case of the 
teart herbage. Thus the mean molybdenum content of the 
herbage from twelve teart localities was 33 p.p.m. of dry matter 
ill 1937 and 38 p.p.m. of dry matter in 1938; the corresponding 
mean values for eleven non-teart localities were 5 and 4 p.p.m. 
for the respective years. This finding strongly suggested that 
molybdenum might be the cause of scouring, and this was con- 
firmed by administering doses of ammonium or sodium molyb- 
date to cattle when the symptoms of scouring were produced in 
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a number of cases, although there was considerable variation 
in the degree to which different individual animals reacted 
to molybdenum. Scouring was also produced in cattle and sheep 
turned into non4eart pasture dressed with sodium molybdate. 

Hay and frosted herbage do not have the same effect as the 
fresh material in inducing scouring. This appears to be due to the 
fact that fresh herbage contains a much higher proportion of the 
molybdenum in soluble form than does hay or frosted material, 
and it would thus appear that it is the soluble fraction of the 
molybdenum that is responsible for the effect on cattle. 

It has been mentioned that the teart soils occur on the Lower 
Lias where this is directly exposed, but that such an area in 
Glamorgan does not exhibit the properties of teart land, Lewis 
(1943 a) examined a number of Lower Lias soils in their rela- 
tion to teartness and found that the teart soils contained about 
20”100p.p.m. of molybdenum in the surface horizon and were 
neutral or alkaline in reaction. The soils of the Glamorgan area, 
however, were found to contain only about 2-4 p.p.rn. of molyb- 
denum, which explains wdiy they are not teart in character. 

Very interesting are the results of experiments made by Lewis 
(19436) to examine the uptake of molybdenum from teart soil by 
plants of a number of different pasture species. Ten pasture 
grasses and two species of clover were used in these experiments, 
the seeds being sown in pots of teart soil, four pots of each species 
being used. The herbage was cut when it was about 3-4 in. high 
and the molybdenum content determined. After a further period 
of growth it was again cut and the molybdenum content in the 
new sample determined. This procedure was repeated so that 
four samples were obtained in all for each species. The results are 
summarized in Table 34. 

These results show very clearly that the clovers and Holms 
lanatus Qonidiim a much higher proportion of molybdenum, than 
the other pasture plants examined. Teart pastures generally 
contain very little Holms, but often a good deal of clover. Lewis 
expressed the opinion that it cannot be assumed that the clovers 
are the only cause of teartness because analyses made of a number 
of grasses other th.dbnHolcus growing on teart land show that these 
can contain a much higher proportion of molybdenum than was 
found in the plants grown in pots (cf. Table 35). 
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Table 84. Uptake of molybdenum by pasture 
grasses and clovers. (Data from Lewis) 

Molybdenum content 
(p.p.m. dry matter) 


Species 

May- 

June 

July- 

Aug. 

Sept. 

May- 

June 

1939 

1939 

1939 

1940 

Hohus lanaius {Yorksliir© fog) 

36 

83 

61 

42 

Agrostis alba (iiorin) 

14 

10 

10 

9 

Fhleuni pratense (timothy) 

8 

8 

4 

6 

Festma pratensis (meadow fescue) 

15 

10 

6 

9 

Dactylis glomerata (cocksfoot) 

13 

17 

15 

9 

Poa trivialis (rough-stalked 

12 

18 

15 

11 

meadow grass) 

P. pratensis (smooth-stalked 

8 

6 

6 

8 

meadow grass) 

Cynosunis cristatus (crested dogs- 

10 

8 

5 

9 

tail) 

Lolmm peretine (indigenous peren- 

11 

11 

11 

11 

nial ryegrass) 

L. italiGum (Italian ryegrass) 

12 

13 

11 

10 

Trifolitim repens (wild white clover) 

93 

109 

69 

57 

T. pratense (wild red clover) 

87 

103 

62 

59 


T A B L E 35. Molybdenum content in p.p.m. of dry matter 
of 2)astme plants growing on teart land. (Data from Lewis) 


Soil type 


Ham- Eve- 

' 


Species 

bridge 

sham 

Haselor 

Dactylis glomerata (cocksfoot) 

70 

42 

13 

Poa pratensis (smooth-stalked meadow grass) 

54 

39 

18 

LoUum perenne (perennial ryegrass) 

54 

36 

11 

Cynosurus cristaiMS (crested dogstail) 

60 

36 

— 

BrO'mus mollis (soft bromo) 

60 

11 

18 

Agrostis spp. (bent) 

54 

41 

— 

PJileum pratense (timothy) 

— 

30 

8 

Festuca spp. (fescues) 

— 

— 

20 

Arrhenatherum avenaceum (tall oat grass) 

— 

— 

12 

Trifolmm spp. (clovers) 

90 

156 

28 


Subsequently malnutrition of cattle as a result of grazing in 
pastures of Mgli molybdenum content has been recognized as 
occurring in many parts of the world including Sweden, Canada, 
the United States and New Zealand (cf. Dick, 1956). In America 
and elsewhere it has sometimes been called molybdenosis and in 
New Zealand peat scours. 

Ferguson, Lewis and Watson found that the scouring of cattle 
and sheep resulting from the absorption of molybdenum can be 
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prevented and cured by dosing the animals with copper sulphate. 
On very teart land a daily dose of 2 g of this salt for cows and 1 g 
for young stock was found to be adequate for the purpose, while 
on mildly teart land a smaller dose would probably be sufficient. 
That the harmful effects of molybdenum excess can be counter- 
acted by giving the affected animals copper sulphate suggests 
that molybdenum inhibits either the absorption or utilization of 
copper. Further evidence of this is suggested by the occurrence 
in Holland of a disease attributed by SJollema (1938) to shortage 
of copper, the symptoms of which are similar to those produced 
by excess of molybdenum, as they were described as diarrhoea, 
wasting and, in black cattle, loss of colour in the coat which 
becomes brown-grey. The copper content of the blood, liver and 
milk of affected cows and goats was abnormally low, and so was 
the hair of affected cows. The grass and hay from farms on which 
the disease occurred had a low content of both copper and man- 
ganese, but the quantity of the latter appeared more than 
adequate for the needs of the animals. The hay was also poor in 
zinc, but the blood of affected animals contained a normal amount 
of this element and the liver a liigher content than the normal. 
As regards iron the content of this element in diseased animals 
was abnormally high. Finally, dosing with copper sulphate 
brought about the recovery of the affected animals. 

While there can be little doubt that molybdenum has a very 
definite effect on the copper metabolism of ruminants it is not 
clear what the interaction of these metals is. Davis (1958) 
suggested that molybdenum tended to suppress the action of the 
copper-containing enzyme tyrosinase which would affect the 
colour of the animal’s coat. He also thought the mobilization of 
phosphorus in the bones might be concerned. Further, he thought 
that molybdenum also affected cobalt metabolism, for the 
synthesis of vitamin markedly depressed if more than 

40 p.p.m. of molybdenum was present in the animal’s diet. It 
was thought that the effect of molybdenum was on the organisms 
in the rumen which synthesized vitamin Bja from cobalt. 

Ways to reduce the teartness of pastures were also examined 
by Lewis. He found that application of acidic nitrogenous 
fertilizers containing ammonium sulphate reduced the propor- 
tion of molybdenum in the herbage. This was largely due to a 
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reduction in the proportion of clover in the herbage, but the 
actual proportion of molybdenum in the grasses was also reduced. 
This might have been due to the ammonium sulphate bringing 
about an increase in the yield of the grasses without increasing 
the weight of molybdenum taken up. Also it has been noted that 
teart soils are neutral or alkaline. Rendering the soil more acidic 
will reduce the availability of the molybdenum and so induce a 
lowering in molybdenum absorption by the plants. 

Another point observed by Lewis was that the molybdenum 
content of newly sown grasses is low, but increases with age, 
although clovers have a high molybdenum content from the 
beginning . A system of ley farming with short leys and with only 
a small percentage of clover would thus appear to be very suitable 
for teart land. 

2. A Teace-Element Deficiency 
Disease of Animals 

Pining, enzootic marasmus, bush sickness or Morton 
Mains disease. In countries as far apart as Scotland and 
Australia and New Zealand there has occurred for many years a 
disease of sheep characterized by the rapid deterioration of the 
animal. In Scotland, where the disease occurs in many parts of 
the country, it is known as pine or pining, vinquish and daising, 
and young cattle are also affected. Here the disease was recorded 
by Hogg, the Ettrick Shepherd, as long ago as 1831. In recent 
years pining in sheep has been recognized as occurring in various 
parts of England, notably in areas of Northumberland and 
Cumberland, and on Exmoor and Dartmoor in Devonshire. The 
symptoms as they appear in the island of Tiree, Inner Hebrides, 
have been described by Greig, Dryerre, Godden, Crichton and 
Ogg (1933) as 'those of a progressive debility, accompanied by 
anaemia and emaciation. The onset is frequently insidious. The 
affected animal is dull, and the coat, in the case of cattle, is 
rough and staring, the visible mucous membranes, especially 
the conjunctiva, become pale : physical condition is gradually 
lost, the eyeball becomes sunken, and there is commonly a serous 
discharge from the inner canthus. In young animals growth is 
markedly retarded, and they soon present a stunted, unthrifty 
appearance. Thereafter the anaemia and emaciation progress to 
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the condition of cacliexia, and, finally, as the result of extreme 
weakness, the animal is unable to rise. In severe eases the gait is 
stilted and somewhat incoordinated.’ The disease iistially ends 
fatally. 

The disease of sheep in North Island, New Zealand, known as 
bush sickness, that in Southland, Nem^ Zealand, known as xMorton 
Mains disease, and that in Australia called enzootic niarasmiis, 
all appear to be the same as pine in Scotland, Morton Mains 
disease in a bad year and in a bad locality was described by 
Wunsh (1937) thus: ‘About midsiiminer a majority of the sea- 
son's crop of lambs would fall off in condition. Their wool would 
become ‘‘chalky” and harsh, their eyes would water, and they 
would lose their activity. A large number— 30 per cent or more — 
would gradually lose weight, become more and more helpless and 
finally die/ (See also Askew and Eigg, 1932.) 

A consideration of the facts kiioum about Morton Mains 
disease in New Zealand suggests that it is a deficiency disease. 
Thus the disease does not appear on newly broken land, but only 
after several years of sheep farming on the same land. Also deep 
ploughing lessens the disease for a few years. Both these facts 
suggest a deficiency, and certainly not an excess, of some sub- 
stance as the cause of the disease. That the disease is not due to 
bacteria or other parasites is indicated by the fact that a sick 
lamb transferred to healthy country recovers rapidly. Since the 
climate, physical conditions and type of herbage of healthy and 
affected farms might show no appreciable differences, there is 
a strong suggestion that some substance in vary small amount, 
such as a trace element, is involved. 

In 1935 it was reported by Underwood and Fiimer that 
enzootic marasmus of sheep in Western Australia could be cured 
by administering a dose of 0-1-2 mg of cobalt nitrate each day, 
and 2 years later it was reported that affected cattle could be 
cured in the same way (Fiimer and Underwood, 1937). In the 
meantime Askew and Dixon (1936) had reported a similar favour- 
able effect of cobalt on sheep suffering from Morton Mains disease 
in New Zealand. This clearly suggested that deficiency of cobalt 
might be the cause of the disease, and this view was supported 
: by the results of analyses- of some New Zealand soils made by 
Ramage by means of his spectrographio technique (see p. 25), 
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and wMch showed that two healthy soils each contained 7 p.p.m. 
of cobalt while a sick Morton Mains soil contained none of this 
element. Subsequent treatment of affected lambs in New Zealand 
with weekly amounts of 7 mg of cobalt brought about a remark- 
able improvement after a fortnight. 

In 1938 Underwood and Harvey showed that both soil and 
herbage of affected areas in Australia have a lower cobalt content 
than those of neighbouring healthy areas, but that the cobalt 
content of the herbage is considerably increased by dressing the 
soil with a little cobalt acetate. Similar results have been ob- 
tained in New Zealand (cf. Kidson and Maunsell, 1939), although 
it would appear that there is not always a direct relation between 
cobalt contents of soil and herbage. 

Experiments in Scotland on pining have similarly shown the 
relationship of this disease to a deficiency of cobalt. In south-east 
Scotland Corner and Smith (1938) have shown that pining could 
be cured and its reappearance prevented for 6 months by a daily 
dose of 1 mg of cobalt for 14 days. 

An examination of a number of soils in the north of Scotland, 
an area where pining occurs, made by Stewart, Mitchell and 
Stewart (1941), showed that the cobalt content of the soils 
varied from 1 to 300 p.p.m., and that most of the soils on which 
pining occurs have a cobalt content of less than 5 p.p.m. while 
some contain as little as 1 p.p.m. The same workers also carried 
out an experiment on the treatment of affected lambs with 
cobalt. In this experiment, which was started towards the end 
of June 1939, two sets of lambs were used, one comprising forty 
individuals wliich w^ere treated with cobalt, the other of twenty- 
five which served as controls, and which at the beginning of the 
experiment were the best in the flock. Both groups ran together 
on bad pining land in which the cobalt content of the soil was 
only 1-2 p.p.m. The lambs of the experimental group were each 
given 10 mg of cobalt as cobalt chloride each week for 10 weeks ; 
the control animals received no cobalt. Apart from one lamb 
which died from an unknown cause 3 days after the beginning 
of the experiment and which was immediately replaced by one 
from the control group, all the treated animals improved in 
condition and growth and were stated by the farmer to be the 
best set of lambs he had seen on the farm where the experiment 
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was carried out. The control animals, on the other hand, rapidly 
lost condition, four died from pining, and by 4 September many 
others were in the last stage of the disease. 

Stewart, Mitchell and Stewart also examined on a set of plots 
the effect on the cobalt content of soil and herbage which resulted 
from the application of various quantities of cobalt chloride to 
the soil, the amounts ranging from | to 80 Ib of cobalt chloride 
(C 0 CI 2 . 6 H 2 O) per acre, superphosphate to the extent of 2| cwt 
per acre being used as filling material for the small quantity of 
cobalt used. Ten weeks after the application of the dressings the 
total cobalt content of the soil and the amount soluble in dilute 
acetic acid were determined on each plot as well as the cobalt 
content of the herbage. The results, given in Table 36, show how 
in this comparatively short time the application of cobalt to the 
soil affected the cobalt content of the herbage. 

Table 36. Effect of cobalt manuring on the cobalt content 
of herbage, (Data from Stewart, Mitchell and Stewart) 


Cobalt 

Cobalt in soil (p.p.m.) 


applied 

^ 

- A 

Readily 

Cobalt in 

to soil 


herbage 

(p.p.m.) 

Total 

soluble 

(p.p.m.) 

0 

2-9 

0-177 

0-11 

0 

(2-9 

0-196 

0-12 

12-8 

0-200 

0-20 

0-06 

— 

— 

( 0-23 

1 0-35 

0-125 

i 2-9 

0-215 

0-34 

12-9 

0-230 

0*41 

0-25 

J3-25 

13-2 

0-255 

0-51 

0-236 

0-83 

1-25 

1 4-0 
14-2 

0-479 

1- 63 

2- 28 

5-00 

5-8 

1-75 

3-94 

10-00 

9-6 

1-96 

8-17 


The favourable effect on lambs produced by such manuring was 
shown by another experiment carried out by Stewart, Mitchell 
and Stewart in which a field with a low cobalt content of the soil 
(about T 8 p.p.m.) was divided into two halves, one of which was 
manured with 2 lb cobalt chloride + 3 cwt superphosphate per 
acre, the other with 3 cwt superphosphate only. Four to five 
weeks after this manuring fifteen lambs were allowed to run on 
each half of the field, the two groups being of equal value at the 
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start. After 6 weeks the difference in the appearance of the lambs 
of the two groups was striking, all those on the half of the field 
with added cobalt being in fine condition, whereas eight of the 
fifteen lambs on the other half of the field showed severe pining 
while the remaining seven animals were in poor condition. 

While the effectiveness of cobalt manuring in increasing the 
cobalt content of the herbage of ' pining ’ lands can be regarded as 
established, work by Mitchell, Scott, Stewart and Stewart (1941) 
indicates that such manuring requires care. They found by spec- 
trographic analysis that the herbage growing on cobalt-treated 
soil could take up an abnormally large amount of molybdenum. 
Where the herbage without cobalt treatment already had a fairly 
high molybdenum content, this latter might be so increased by 
cobalt manuring that it approached the molybdenum content of 
the herbage of teart land, so that danger of scouring could ensue. 
Analyses of the herbage from two soils, one with a low, the other 
with a high molybdenum content, cut 15 months after various 
degrees of cobalt manuring, are shown in Table 37. Since Lewis 
has shown that molybdenum uptake is reduced by the use of 
acidic nitrogenous fertilizers (see p. 188), and since teartness 
occurs on neutral and alkaline soils, it would seem inadvisable to 
apply cobalt in the form of a cobalt-rich lime or in conjunction 
with fertilizers having an alkaline reaction. 


Table 37. Cobalt and molybdenum contents of herbage from soils 
treated with cobalt chloride, (Data from Mitchell, Scott, Stewart 

and Stewart) Herbage from soil A Herbage from soil B 


CoCig.CHaO 

added 

^ 

Co 

Mo 

: ^ 

Go 

Mo 

(lb per acre) 

(p.p.m.) 

(p.p.m.) 

(p.p.m.) 

(p.p.m.) 

0 

0*08 

1*7 

0-07 

6-3 

2 

0*22 

2*2 

0*20 

9-2 

10 

0-63 

2-4 

0*89 

10-0 

80 

3*20 

7*5 

2*75 

14-2 


A disease of cattle known as ‘salt sick’ has been known for 
many years in Florida. This disease was considered by Becker, 
Neal and Shealy ( 1931 ) to be a nutritional anaemia resulting from 
an insufficiency of copper and iron in the diet. Bryan and Becker 
(1935) reported that the disease occurred on certain sandy soils, 
the surface layers of which possessed roughly only one-tenth of 
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the iron content and one-half of the copper content of healthy 
soils of Florida. They found that cattle became salt sick on soils 
containing 0-036 per cent of iron and 3-85 p.p.m. of copper, and 
remained healthy on soils containing 0-42 per cent of iron and 
8 p.p.m. of copper. It was suggested by Aston (1931) and Greig, 
Dryerre, Godden, Crichton and Ogg (1933) that the disease w'as 
identical with pining. And more recently Thacker and Beeson 
(1958) stated that salt sick, burton ail, pining, vinquish, bush 
sickness, wasting disease, coast disease and nakuritis have all 
proved to be local descriptive names for the disease in cattle and 
sheep due to inadequate intake of cobalt w-hich results when the 
forage contains less than 0-07 p.p.m. of that element. A disease 
of cattle known as licking sickness, described by Sjollema (1933) 
as occurring on farms in Holland where reclamation disease due 
to copper deficiency occurs, was attributed by him to copper 
shortage, but the general description of the symptoms of the 
disease bears a strong resemblance to that of pining and is unlike 
that of the symptoms of the scouring disease of cattle attributed 
to molybdenum excess which, as we have seen, probably affects 
the absorption or utilization of copper. Spectrograpliio analysis 
of grasses from salt-sick and healthy areas made by Rusoff, 
Rogers and Gaddum (1937) lent no support to the vie-vv that salt 
sick resulted from copper shortage for they found the same 
content of copper in the grasses of salt-sick areas as in those of 
healthy areas. 

The importance of an adequate supply of cobalt depends on 
the presence of this element in vitamin and it is without 
doubt the inadequate amount of this vitamin which brings about 
the anaemic condition of the animals suffering from pining. 



CHAPTER VIII 


CONCLUDING REMARKS 

I t will be clear from the preceding review of the present position 
of OUT knowledge of trace elements in plants that these elements 
present the biologist with two sets of problems, the one patho- 
logical, the other physiological. The pathologist is concerned with 
the abnormal conditions resulting in plants from deficiency or 
excess of the various trace elements, and of the means by which 
the deficiency or excess can be removed. The problems of the 
physiologist are more subtle, for it is his business to discover the 
functions in the life of the organism of these various elements 
which are present in only minute amounts. The two sets of 
problems are of course interdependent, for the work of the patho- 
logist in discovering the effects of deficiency greatly aids the 
physiologist, while knowledge of the part played by the trace 
elements in the life of the organism must necessarily help the 
pathologist in the diagnosis and treatment of deficiency diseases. 
But on the whole, knowledge of the pathology of trace elements is 
much more advanced than our knowledge of their physiological 
functions. A considerable number of well-recognized and defined 
plant diseases are now correctly attributed to various trace- 
element deficiencies, and means of controlling these diseases have 
been determined with considerable precision. Future work on the 
pathological side may extend the number of such known 
deficiency diseases. In addition to such work it would appear 
that two lines of research in the field of pathology would well 
repay attention. The first of these is the development of rapid 
means of early diagnosis. The usual method of observing de- 
ficiency symptoms, employed with outstanding success by 
Wallace, is naturally only applicable after visible external 
symptoms have developed. The injection methods elaborated by 
Roach appear to be particularly useful for trees, but although 
certainly usable for annual crops, and affording a means of early 
diagnosis, require some degree of technical skill for their employ- 
ment with small herbaceous plants. 
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The second field of research which should afford valuable 
results in the control of deficiency diseases is the investigation of 
the relationship of soil and climatic factors to the incidence of 
these diseases. It has been pointed out in the course of the pre- 
ceding pages how the amoimt of any trace element in the soil 
directly available for absorption by plants is generally only a 
fraction of the total amount present and that the degree of 
availability may be affected by various factors, of wMch the most 
obvious is the acidity of the medium. With decreasing acidity 
(increasing pH) manganese, zinc and boron all become less avail- 
able, whereas molybdenum is affected in the opposite way, more 
going into solution as the soil reaction becomes more alkaline. 
Hence liming the soil, by bringing about an increase in the pH, 
may significantly affect the amount of every one of the micro- 
nutrients and a treatment which is beneficial to plants in respect 
of one micro-nutrient may be detrimental in respectof another, as, 
for example, if manganese were present in excessive amoimt and 
boron in a very low concentration. Other factors have also been 
shown to influence availability, a notable one being the humus 
content of the soil. The actual relations between pH, humus 
content and other soil conditions on the one hand, and the con- 
centration of available trace elements on the other, are still very 
far from being completely understood. Again, it is well estab- 
lished that the severity of deficiency diseases may vary in different 
years, a variation which must be attributed to the differences in 
climate experienced in different seasons ; the symptoms of boron 
deficiency, for example, are generally much more severe in 
periods of drought than in wetter seasons. It is to be presumed 
that the different water contents of the soil in the different 
seasons must affect the availability of the trace elements 
concerned. 

Nor must the micro-organisms of the soil be forgotten. These 
may themselves play a part in determining the availability of 
various elements by bringing about oxidations and reductions of 
compounds of the different trace elements and so affecting their 
solubility, or they may play a more direct part in the deficiency 
diseases themselves, as suggested by the work of Gerretsen and 
Ark referred to in an earlier chapter. There is here a wide field 
of investigation which at present has scarcely been entered. 
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In the physiological field the outstanding fact is, of course, 
that the trace elements as their designation implies are needed 
in very minute amount . Because of the small quantities of them 
involved in the organism it was natural to suppose that they 
acted as catalysts, and one of the outstanding advances made in 
our knowledge of the functions of trace elements during the 
last twenty years has been the demonstration that they enter into 
the composition of a considerable number of enzymes — man- 
ganese, zinc, copper and molybdenum all being concerned in this 
way. In attempting to determine the part played by the indi- 
vidual trace elements in the life of the plant, while it is reason- 
able to suppose that they perform the same function in enzyme 
actions in the living cell as they do in non-living systems in which 
their role has been demonstrated, the extreme complexity of the 
mechanism of the living cell has to be borne in mind. The con- 
ception of a balance between various major nutrients as deter- 
mining plant growth is now an old one, and there is abundant 
evidence of subtle interrelationships not only between individual 
trace elements and major nutrient elements, but between trace 
elements themselves. The relation between manganese and iron 
has been dealt with in some detail in these pages but many other 
instances of the interaction of trace elements with one another 
are on record. For example, Millikan (1947) found that flax 
grown in water culture exhibited symptoms of iron deficiency 
if the nutrient solution contained manganese, zinc, copper, 
cobalt or nickel in equivalent concentration but did not contain 
molybdenum, but that if molybdenum was present the severity 
of the symptoms was progressively lessened with increase in the 
molybdenum concentration from 2 to 25 p.p.m. Hewitt (1953) 
grew plants of marrowstem kale, sugar beet, potato, tomato and 
oats in sand cultures provided with a number of heavy metals 
in equivalent concentration in addition to the major nutrients. 
As well as manganese, zinc, copper and molybdenum a number of 
presumed non-essential elements were used, namely, chromium, 
cobalt, nickel, lead, cadmium and vanadium. Effects of indi- 
vidual elements were found to differ with different species. Thus 
although copper induced no chlorosis in oats and kale, it did in 
sugar beet and tomato, in which plants the chlorosis resembled 
that produced by deficiency of iron. This type of chlorosis was 
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also produced by cobalt and cadmium . Nickel induced symptoms 
in potato and tomato resembling those of manganese deficiency 
as did zinc with sugar beet. No relationship could be detected 
between such effects and the oxidation-reduction potentials of 
the metal ions. Another example of the interaction of trace 
elements was afforded by the observation of Heintze (1956) that 
application of manganese to a manganese-deficient soil induced 
symptoms of copper deficiency in oats, although without the 
addition of manganese there was no indication of copper defi- 
ciency. Further investigation of such interrelationships w'ould be 
likely ultimately to throw much light on trace-element functions. 

Whether the metallic trace elements are concerned in plant 
processes other than enzyme actions is by no means clear, but 
the information at present available suggests that the action of 
boron is of a different kind from that of other micro-nutrients, 
and as our knowledge stands at present it would seem most likely 
that boron plays a part in carbohydrate metabolism but not as an 
essential constituent of an enzyme system. 

A mode of attack on the physiologi cal aspects of trace elements 
lies in growing plants under experimental conditions in which the 
supply of various mineral nutrients is controlled and determining 
the resultant effects on growth and the fate in the plant of the 
mineral elements concerned. For the latter the use of radioactive 
tracers would give promise of fruitful results, but although a few 
researches have been reported in which such tracers have been 
employed, as, for example, by Stout and Meagher (1948) with 
labelled molybdenum and by Sisler, Duggar and Qauch (1956) 
in work with boron, relatively little work with micro-nutrients 
has so far been carried out along such lines. 

Our knowledge of the part played by trace elements in the life 
of the plant is now very much greater than it was when the first 
edition of this book was in preparation some sixteen years ago 
and some functions of trace elements in relation to the essential 
part they play in enzyme actions are firmly established. Yet our 
knowledge of their action is still very fragmentary and it may 
seem remarkable that the mode of linkage of their functions with 
the symptoms of their deficiency and excess is still largely un- 
explained. The trace elements still provide the plant physiologist 
with a wide field for exploration. 
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manganese content of, 1 1 7 


Unden&fi, S., 99 
Underhill, F. F., m 
Underwood, E. J., 1 90- 1 
uroshlol, 161 

Uitilago 8phmmg€n43, cytoeliromo c in, 

156 

Vmxdnmm myriillm^ iniMigaiicm* eon- 
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Wacker, W. E. L., 155 
Wadleigh, Cl H., 178 
W'ahhafo, A., 11.7, 127, 137 
Wain, R. L., 66 
Waksman, 8. A., H 
Walker, J. B., 9 
Walker, j; Cl, 84-5, 88 
Walke.r, T. W., 168 
.Walkley, A., 36-8 
WalkKJ©, A., Mi 

Wallace, T., 53, 59, 84, 69, 88-9., 
123-4, 195 

wahiut, zinc deficiency .in, 75, 78 
Walsh, T., 62 
Wann, P. B.,. 18 

Warington, K„ 3, 83-4, li.3., 143, 
171-3 

Warner, J. .D',, 3, 82 
wasting disease, 194 
water 

culture, 1. 

relations, effect of boron on., i. 69-70 
Watson, S. J., 184-5, 187 
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in tung tree, 80-1 ; in walnut, 75, 
78; in wax bean, 72; symptoms, 
69-72 
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